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February 9, 2005 

Mr. Ken Bardo 
U.S. EPA Region 5 DE9J 
Corrective Action Section 
77 West Jacl<son Boulevard 
Chicago, IL 60604-3590 

Re: W.G. Krummricii Plant 
Administrative Order on Consent 
U.S. EPA Docket No. R8H-5-00-003 
Solutia Inc. 

Dear Mr. Bardo: 

Solutia submits the enclosed Response to Comments to address U.S. EPA's November 18, 2004 

comments on the W.G. Krummrich Facility RCRA Corrective Measures Study ("CMS"). On August 27, 

2004, Solutia submitted the CMS to fulfill the requirements of Section VI.5 of the May 26, 2000 

Administrative Order on Consent {"AOC")(U.S. EPA Docket No. R8H-5-00-003). This section of the AOC 

required Solutia to "propose to USEPA by 6/1/2004, final corrective measures necessary to protect 

human health and the environment from all current and future unacceptable risks due to releases of 

hazardous waste or hazardous constituents at or from the Facility." On February 3, 2005, at Solutia's 

request, USEPA extended the deadline for submittal of Solutia's response to comments from February 4, 

2005 to February 9, 2005. 

USEPA's comments generally fall into five broad categories. A synopsis of the Agency's comments on 

each of these categories is given below: 

Source Removal and/or Treatment 

Groundwater Restoration 

Evaluate source removal and/or treatment of unsaturated soils with 
concentrations greater than TACO soil to groundwater leaching criteria. 

Evaluate more aggressive source treatment technologies and their 
potential to reduce groundwater time to clean periods from over 100 years 
to dozens of years or less. 
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Treatment Effectiveness Perform microcosm l>ench-scale DNAPL treatability testing of surfactant 
flushing, chemical oxidation and thermal treatment and field pilot tests of 
one or more of these technologies. 

Demonstrate natural attenuation 

Performance Standards Develop cleanup criteria for soil, groundwater, surface water and 
sediments 

IMonitoring Develop a groundwater monitoring plan 

In addition to the above comments, USEPA also requested collection of a substantial amount of 

supplemental soil, groundwater, DNAPL, sediment and air information. 

The enclosed Response to Comments does not address all of USEPA's comments on the CMS. In 

meetings with USEPA on December 14, 2004 and January 20, 2005, Solutia representatives expressed 

concerns about; (i) the cost effectiveness and technical practicability of reducing remediation times by 

treating and removing unsaturated and/or saturated source area soils; (ii) the extensive scope of the 

supplemental information requested by the Agency; and (iii) completing additional data collection and 

evaluation by September 30, 2005. 

Preliminary estimates, based on existing information, indicate that it would cost $783 million to achieve 

TACO criteria and Illinois Class I Groundwater Standards at source areas within the W.G. Krummrich 

plant process area. Such expenditure is not cost effective for a site where current human exposures and 

migration of contaminated groundwater are currently under control and will remain so for the foreseeable 

future, and where existing remedial actions will eventually result in soil and groundwater restoration. In 

addition, achieving TACO criteria and Illinois Class I Groundwater Standards for source area soils and 

groundwater depends entirely upon achieving unsaturated and saturated zone mass removal in excess of 

99 percent. Experience at other sites indicates that such removal is technically impracticable. 

Furthermore, much existing data or data that will be collected through ongoing remedial activities can be 

used to address USEPA's supplemental information request. For example, the request related to soils 

focuses on defining the extent of specific constituents. By kreiging existing soil sample analytical data 

from more than 100 sampling locations in the plant process area and Lot F, the extent of contamination of 

specific constituents can be defined. Supplemental groundwater information can be collected as part of a 

long-term groundwater monitoring plan for the site. Instead of collecting supplemental DNAPL 

information, kreiging of existing data can be used to define the boundaries of DNAPL-impacted areas. 

Sediment sampling in the Mississippi River is a component of the Sauget Area 2 Remedial 

Investigation/Feasibility Study that is already underway. Indoor air in buildings near soil gas sampling 

locations SVP-10 and SVP-14 were sampled previously as part of the CMS so additional sampling is not 

warranted. 
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As Solutia and EPA personnel discussed during the January 20, 2005 meeting, Solutia's preliminary 

estimates indicate that it would take 18 to 24 months to perfomn "bench-scale treatability testing, using 

methods and test apparatus recognized as leading-edge in the industry and capable of generating the 

most representative data possible" and to conduct "an extended in-field pilot test of one or more of these 

technologies" as described in the Agency's comments. When informed of this estimated schedule, 

USEPA indicated that spending an additional two years on treatability testing and supplemental data 

collection was not what it wanted. Instead, USEPA recommended that Solutia focus on evaluating source 

control measures that remove mass and reduce remediation times. 

Pursuant to USEPA's recommendations, Solutia proposes as its response to USEPA's comments to 

undertake additional evaluations to determine the feasibility of mass removal in the site source areas, 

specifically the Former PCB Manufacturing Area and the Chlorobenzene Process Area, and evaluate 

whether or not source area mass removal is technically practicable, cost effective and capable of 

reducing remediation times to 30 years or less. Bench-scale treatability tests are proposed to determine 

the feasibility of in-situ treatment of PCBs in the Former PCB Manufacturing Area unsaturated soils, in-

situ treatment of Monochlorobenzene and Dichlorobenzene (MCB/DCB) in the Chlorobenzene Process 

Area unsaturated soils and in-situ treatment of MCB/DCB DNAPL of saturated soils beneath the 

Chlorobenzene Process Area. Time-to-clean estimates will be made using data derived from these 

treatability tests and these estimates will be used to evaluate a new corrective measure array that 

includes source area mass removal. Another corrective measure array, designed to achieve TACO 

criteria in less than 30 years, will also be evaluated. These two new arrays will be integrated into the 

CMS Comparative Analysis. Additionally, a comprehensive groundwater monitoring plan will also be 

prepared for the site. 

Solutia already has undertaken and completed a number of actions in the Sauget area to protect public 

health and the environment. These efforts collectively demonstrate Solutia's willingness to address soil 

and groundwater issues on a regional basis in the Sauget area. Although Solutia filed voluntary petitions 

for relief under chapter 11 of Title 11 of the United States Code, 11 U.S.C. §§ 101-1330 (the "Bankruptcy 

Code"), with the United States Bankruptcy Court for the Southern Distiict of New York (the "Court") as a 

result of enormous burdens it was shouldering due to legacy liabilities for environmental cleanups, toxic 

tort litigation and retiree medical benefits it assumed from Monsanto Company (now "Pharmacia 

Corporation") in its spin-off, Solutia is committed to addressing the issues associated with its operations. 
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This commitment extends to continued operation of the Sauget Area 2 Groundwater Migration Control 

System and other actions necessary to protect public health and the environment at the W G Krummrich 

facility. However, requiring technically impracticable measures to reduce source area mass and/or to 

achieve cleanup criteria without regard to risk will make Solutia's reorganization difficult to achieve, which 

is contrary to USEPA's policy. 

We look forward to meeting with you on February 23^'', to discuss the enclosed document in detail. 

Sincerely 

Steven D. Smith 
Director, Remediation Services 
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1.0 INTRODUCTION  

1.1 Administrative Order on Consent 
 
On May 3, 2000, USEPA executed a Resource Conservation and Recovery Act (RCRA) 3008(h) 

Administrative Order on Consent for Solutia Inc.'s W.G. Krummrich facility in Sauget, Illinois (Figure 1.1).  

Solutia Inc. signed the Administrative Order on Consent, Docket No. R8H-5-00-003, on May 26, 2000.  

Sections VI.1a, 1b, 2, 3 and 5, respectively, required Solutia to submit a Description of Current Conditions 

Report, investigate the nature and extent of any releases at or from the W.G. Krummrich facility, stabilize 

groundwater migration and show that any discharge of groundwater to surface water is either insignificant 

or currently acceptable, control completed pathway human exposures to contamination and propose final 

corrective measures for the site.  Specific requirements of these sections of the AOC are given below: 

 
1.a Provide to U.S. EPA, within 90 days of the effective date of this Order, a Description of Current 

Conditions (DOCC) Report which includes any recent sampling data from the facility , which 
sampling was undertaken by Solutia, a summary of the historic operations, and physical setting of 
the facility.  The DOCC Report must describe, at a minimum, conditions at all locations specified in 
the Draft RCRA Hazardous Waste Management Part B permit dated September 1996 (RCRA Log No. 
B-69) and any other past or present locations at the facility for which Solutia Inc. has knowledge of 
past treatment, storage or disposal of hazardous waste or hazardous constituents or past product 
or waste spills.   
 

1.b  Perform an investigation to identify the nature and extent of any releases of hazardous waste 
and/or hazardous constituents at or from the facility which may pose an unacceptable risk to 
human health and the environment, and provide a report to U.S. EPA.  Investigations shall be 
conducted, at a minimum, in those areas described in the Draft RCRA Hazardous Waste 
Management Part B permit dated September 1996 (RCRA Log No. B-69), at dismantled 
manufacturing areas, at surficial fill areas, and in the area of the pipeline(s) which historically ran 
from the Monsanto river terminal on the Mississippi River to the former and current on-site product 
storage areas at the Facility.  The report must also describe the nature and extent of any releases 
of hazardous waste and/or hazardous constituents at or from the facility which do not pose an 
unacceptable risk to human health and the environment, and provide the basis for those 
conclusions, including an evaluation of the risks.  The report may be prepared in phases in order 
to provide timely support for the demonstrations described in Sections VI.2, VI.3, and VI.4, below, 
and for the determinations and proposal described in Section VI.5, below. 
 

2. Solutia, Inc. must demonstrate by 1/1/2002, through submitting an Environmental Indicators Report 
and by performing any other necessary activities, consistent with this section, that migration of 
contaminated groundwater at or from the facility is stabilized.  That is, the migration of all 
groundwater known or reasonably suspected to be contaminated with hazardous wastes or 
hazardous constituents above acceptable levels is stabilized to remain within any existing areas of 
contamination as defined by monitoring locations designated at the time of the demonstration.  In 
addition, by 1/1/2002 Solutia Inc. must show that any discharge of groundwater to surface water is 
either insignificant or shown to be currently acceptable according to an appropriate interim 
assessment.  Solutia Inc. must collect monitoring and measurement data in the future as 
necessary to verify that migration of any contaminated groundwater is stabilized. 

 
3. Solutia Inc. must demonstrate by 1/1/2004, through submitting an Environmental Indicators Report 

and by performing any other necessary activities, consistent with this section, that all current 
human exposures to contamination at or from the facility are under control.  That is, for all media 
known or reasonably suspected to be contaminated with hazardous wastes or hazardous 
constituents above risk-based levels, for which there are complete pathways between 
contamination and human receptors, significant or unacceptable exposures do not exist. 

 
5. Solutia Inc. must propose to U.S. EPA by 6/1/2004, final corrective measures necessary to protect 

human health and the environment from all current and future unacceptable risks due to releases 
of hazardous waste or hazardous constituents at or from the Facility (the “Final Corrective 
Measures Proposal”).  The proposal must describe all corrective measures implemented at the 
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Facility since the effective date of this Order.  It must also include a description of all other final 
corrective measures evaluated by Solutia Inc., a detailed explanation of why Solutia Inc. preferred 
the proposed final corrective measures and cost estimates for the final corrective measures 
evaluated.  The proposal must also include a detailed schedule for construction and 
implementation of the final corrective measures, and for submittal of a Final Remedy Construction 
Completion Report.  This schedule must provide that Solutia Inc. will complete as much of the 
initial construction work as practicable within 1 year after U.S. EPA selects the final corrective 
measures and that Solutia Inc. must complete all final corrective measures within a reasonable 
period of time such that human health and the environment are protected.  

 
1.2 Work Performed 
 
1.2.1 W.G. Krummrich RCRA AOC 
 
To fulfill the requirements of the AOC Solutia submitted a Description of Current Conditions Report, 

performed site investigations for air, soil, DNAPL and groundwater, completed Environmental Indicator 

Determinations for Migration of Contaminated Groundwater under Control (CA750) and Current Human 

Exposure Under Control (CA725) and submitted a Final Corrective Measures Study as summarized in the 

following table: 

 
Summary of Work Performed to Fulfill the Requirements of the W.G. Krummrich RCRA AOC (Docket No. R8H-5-00-003)  
 
? Description of Current Conditions Report August 1, 2000 
? Sediment, Surface Water and Fish Tissue Sampling October and November 2000 
? Ecological Risk Assessment June 1, 2001 
? CA750 Migration of Contaminated Groundwater Under Control Environmental Indicator Determination May 26, 2004 
? CA725 Current Human Exposure Under Control Environmental Indicator Determination May 26, 2004 
? Air, Soil, DNAPL and Groundwater Investigation 2003 and 2004 
? Corrective Measures Study August 27, 2004 
 
In addition to these actions, Solutia implemented or planned a number of removal and remedial actions at 

Sauget Area 1, Sauget Area 2 and the W.G. Krummrich Facility prior to and after the May 26, 2000 RCRA 

AOC.  A time line of the various removal actions and remedial actions and estimated expenditures for 

each action are given below: 

 
Time Line of Sauget Area 1, Sauget Area 2 and W.G. Krummrich Removal/Remedial Actions and Estimated Expenditures  
 
Sauget Area 1 2001 Dead Creek Culvert Replacement Removal Action  $750,000 
 2002 Dead Creek Time Critical Sediment Removal Action 12,300,000 
 2004 Dead Creek Segment B, D and F Soil Removal Action Plan   
 
Sauget Area 2 1979 Site R Capping   
 1985 Site R Riverbank Stabilization 750,000 
 2003/4 Groundwater Migration Control System 25,400,000 
 
W.G. Krummrich 1987 Route 3 Drum Site Impermeable Cap  
 2000 Sewer System Improvements  17,100,000  
 2001 Chlorobenzene Process Area Spill   
 2003 Plant Process Area Permeable Covers 310,000 
 
   Estimated Total Expenditure $56,610,000 
These removal/remedial actions are described below. 
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1.2.2 Sauget Area 1 
 
Dead Creek Culvert Removal Action - USEPA issued a UAO on June 21, 1999 for a Time Critical 

Removal Action requiring replacement of Dead Creek culverts.  Solutia and USEPA reached agreement 

that the UAO would be limited to the culverts at Cargill Road and the Terminal Railroad Embankment.  

Replacement of these culverts was completed at a cost of approximately $750,000. 

 
Dead Creek Sediment Removal Action - On May 31, 2000, USEPA supplemented the June 21, 1999 

UAO to include removal of sediments in Creek Segment B, C, D and E to eliminate potential risks 

associated with flooding and to eliminate adverse ecological impacts.  A Time Critical Removal Action 

Work Plan was submitted to the Agency on June 30, 2000 and approved in April 2001.  On August 29, 

2001, the UAO was amended to include sediments in CS-F between Route 157 (Camp Jackson Road) 

and the confluence of Dead Creek with the Borrow Pit Lake and sediments in the Prairie du Pont Creek 

lift station sump.  On-site work began in November 2000 with the installation of a sediment dewatering 

system.  Construction of a 50,000 cubic yard, RCRA/TSCA-compliant, on-site containment cell was 

completed in September 2001 and sediment transfer to the cell began shortly thereafter.  Approximately 

46,000 cubic yards of sediments were removed from Creek Segments B, C, D, E and F, Site M and the lift 

station sump and transferred to the on-site containment cell at a total estimated cost of $12.3MM by 

February 2002.  After completion of sediment removal, a temporary cover was placed on the containment 

cell pending completion of an Engineering Evaluation/Cost Assessment for residual concentrations in 

creek bottom soils. 

 
Dead Creek Soil Removal Action Plan – A Creek Bottom Soil Removal Work Plan for Creek Segments 

B, D and F was submitted to USEPA on May 17, 2004.  Residual constituent concentrations in creek 

bottom soils would be addressed as follows: 

 
? CREEK SEGMENT F - Excavation would start at Sampling Transect 5 in Creek Segment F in one to two foot lifts until 

the site-specific, risk-based concentration for zinc (4,739mg/kg) or the water table was reached, whichever came first.  
Zinc analyses would be performed on-site during excavation.  Excavated creek bottom soils would be transferred to 
the on-site, RCRA/TSCA-compliant containment cell located at Judith Lane.   

 
? CREEK SEGMENT D - Excavation would be done in one to two foot lifts at Transect 6 until the site-specific, risk-based 

concentration for Total PCBs (0.58 mg/kg) or the water table was reached, whichever came first.  PCB analyses would 
be performed on site during excavation.   Excavated creek bottom soils would be transferred to the on-site, 
RCRA/TSCA-compliant containment cell located at Judith Lane.   

 
? CREEK SEGMENT B - Once CS-F Transect 5 and CS-D Transect 6 were excavated, additional excavation of creek 

bottom soils with residual PCB concentrations would be done in Creek Segment B until the remaining capacity of the 
on-site containment cell was exhausted or the water table was reached, whichever came first.  Currently the on-site 
containment cell holds 46,000 cubic yards of excavated sediments and has an unused capacity of 19,000 cubic yards.   

 
Install an armored, impermeable liner with the following section throughout the entire length of Creek Segment B as 
required by the Dead Creek Time Critical Sediment Removal Action UAO.   
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Creek Segment B Armored Channel Liner Section  
 

 Top Riprap 3 to 6-Inch Crushed Limestone 
  Protective Layer Dense Grade Bedding Material 
  Geotextile Non-Woven Cushion Layer 
  Membrane Liner  60 mil HDPE 
 Bottom Geotextile Non-Woven Cushion Layer 
Solutia is currently revising this work plan in response to Agency comments.   

 
1.2.3 Sauget Area 2 

 
Site R Capping - In 1979, Monsanto completed the installation of a clay cover on Site R to cover waste, 

limit infiltration through the landfill, prevent direct contact with fill material and bring the top of the landfill 

above flood level.  The cover’s thickness ranges from 2 feet to approximately 8 feet.  During the 1993 

flood, the highest recorded flood in St. Louis' history, Site R was flooded but the clay cap was not 

overtopped.  No erosion of the riverbank or cap resulted from this flood. 

 
Site R River Bank Stabilization - In 1985, Monsanto installed a 2,250-foot long rock revetment along the 

east bank of the Mississippi River adjacent to Site R.  The purpose of the stabilization project was to 

prevent further erosion of the riverbank and thereby minimize potential for the release of waste material 

from the landfill.   

 
Sauget Area 2 Groundwater Migration Control System - On September 30, 2002, USEPA issued a 

Unilateral Administrative Order (UAO) for Remedial Design and Interim Remedial Action, Docket No. V-

W-'02-C-716, under Section 106(a) of the Comprehensive Environmental Response, Compensation and 

Liability Act.  Solutia, the only company responsive to this UAO, installed a 3,300 ft. long, 140 ft. deep, 

"U"-shaped barrier wall and a three well groundwater extraction system between the downgradient 

boundary of Sauget Area 2 Site R and the Mississippi River to abate the release of impacted 

groundwater.  Installation of the groundwater extraction system was started in November 2002 and 

completed in July 2003.  Barrier wall construction began in August 2003 and was completed in November 

2004.  Construction and operation costs for the Sauget Area 2 Groundwater Migration Control System in 

2003 and 2004 totaled an estimated $25.4 MM.  With an estimated average annual pumping rate of 535 

gpm and a treatment charge of $3.99 to $5.95 per thousand gallons, the 30 year NPV cost for 

groundwater treatment will range from $13.9MM to $20.8MM, assuming a 7% discount rate.   

 
1.2.4 W.G. Krummrich  
 
Route 3 Drum Site Impermeable Cap - The Route 3 Drum Site, used for drum disposal prior to 1946, 

was remediated by removing intact drums and excavating 655,680 pounds of residual materials and 

impacted soils between January 1985 and January 1987.  Excavated wastes were shipped to the Rollins 
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Environmental Services incinerator in Deer Park, Texas.  Between October 5 and 31, 1987, a composite 

compacted clay/HDPE liner cap was with the following section was installed over the Route 3 Drum Site:   

 
Route 3 Drum Site Composite Compacted Clay/HDPE Membrane Top to Bottom Cap Section  
 
Cap Component  Thickness 

• Vegetative Growth Layer 18 Inches 
• 40-mil HDPE Liner 
• Geonet 
• Geotextile 
• Compacted Clay (1 x 10-7 cm/sec) 36 Inches 
 

Sewer System Improvements - The plant sewer system, which consists of trunk, collector and 

departmental sewers, is a combined gravity flow system designed to convey sanitary, storm, and process 

waste waters to the Village of Sauget PChem Plant for pretreatment and then to the American Bottoms 

Regional Treatment Facility for treatment.  Insituform lining of the trunk and collector sewers started in the 

early 1980s and the main trunk sewers and a majority of the major lateral sewers are now lined.  In 1985, 

a new 42-inch diameter, concrete-encased, vitrified clay pipe trunk sewer was installed to connect the 

plant system to the Village of Sauget system.  Work to line the department process sewers began in 

2003.  In all, a total of $17.1MM was spent to upgrade plant sewers between 1984 and 2004. 

 
Chlorobenzene Process Area Spill - On Sunday, January 7, 2001, approximately 10,000 gallons of 

monochlorobenzene (MCB) overflowed from a process unit and discharged to a drain.  Approximately 

3,800 gallons of MCB were recovered from a collection sump and pumped to a rainwater holding tank.  

The remaining 6,200 gallons escaped to the ground around the collection sump through a breech in the 

sewer line.  Product recovery was attempted using dual-phase vapor extraction (March/April 2001), 

continuous low-flow pumping (May to July 2001) and periodic low-flow pumping (2001 to 2003), however, 

these systems were only able to recover approximately 310 gallons of MCB.  Recovery tests conducted in 

March 2003 yielded a combined volume of approximately 200 ml of MCB.   

 
Plant Process Area Permeable Covers - From November 3, 2003 through December 5, 2003, Solutia 

placed and compacted approximately 23,000 tons of crushed limestone gravel and screenings at 13 

locations in the plant process area to increase the thickness of gravel covered areas to a minimum of 12 

inches.  In areas where it was impractical to place the required thickness of gravel due to site conditions 

(e.g., drainage or traffic), a minimum of three inches of asphaltic concrete was placed instead.    As a 

result of this work, which cost an estimated $310,000, most of the plant process area is covered by 

relatively impermeable materials such as asphalt, concrete, structures, etc and the balance of the area is 

covered by a minimum of 12 to 24 inches of gravel.  Consequently, direct contact with surface soils is not 

a complete pathway for site workers. 
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1.3 USEPA Comments on the Corrective Measures Study 
 
On November 18, 2004, USEPA issued 51 pages of comments on Volumes I, II and III of the August 27, 

2004 W.G. Krummrich RCRA Corrective Measures Study, including 21 general comments and 71 specific 

comments  

  
1.3.1 Comment Summary 
 
USEPA's comments fall into five broad categories:  1) Source Removal and Treatment, 2) Groundwater 

Restoration, 3) Treatment Effectiveness, 4) Performance Standards and 5) Monitoring.  A synopsis of the 

Agency's comments on each of these categories is given below: 

 
Summary of USEPA’s Comments on the August 27, 2004 W.G. Krummrich RCRA Corrective Measures Study  
 
1)  Source Removal and/or Treatment Evaluate source removal and/or treatment of unsaturated soils with 

concentrations greater than TACO soil to groundwater leaching criteria. 
 
2)  Groundwater Restoration Evaluate more aggressive source treatment technologies and their 

potential to reduce groundwater time to clean periods from over 100 years 
to dozens of years or less. 

 
3)  Treatment Effectiveness DNAPL  
 

? Perform microcosm bench-scale DNAPL treatability testing of 
surfactant flushing, chemical oxidation and thermal treatment and field 
pilot test of one or more of these technologies. 

 
Natural Attenuation  
 
? Identify abiotic and biotic degradation processes and necessary 

geochemical conditions 
? Characterize groundwater flow patterns 
? Characterize fate and transport of contaminants and breakdown 

products 
? Derive site-specific degradation rates 
? Establish mineralization on a substantial scale 
? Conduct analytical or numerical modeling 
? Ensure that groundwater quality will not be adversely impacted 
? Ensure that reactions are not inhibited 

 
4)  Performance Standards  ? Perform Human Health Risk Assessment 

? Perform Ecological Risk Assessment 
? Develop cleanup criteria for soil, groundwater, surface water and 

sediments 
5)  Monitoring ? Demonstrate SA2 GMCS capture zone 

? Install permanent nested monitoring wells along riverbank at Slay 
Terminal and undeveloped property to the north 

? Monitor DO, redox, total and dissolved iron and manganese, nitrates, 
sulfates, methane, TOC, DOC and CO2. 

 
1.3.2 Supplemental Information  
 
In its November 18, 2004 comments, USEPA requested collection of supplemental soil, groundwater, 

DNAPL, sediment and air information.  The scope of this supplemental data collection, outlined below, 

was to be completed by September 30, 2005 so the Agency could select a final remedy for the W.G. 

Krummrich Facility in 2006. 
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Summary of USEPA’s Supplemental Information Requests for the W.G. Krummrich RCRA Corrective Measures Study  
 
Supplemental Soil Information Plant Process Area  

 
? Eastern Tip of Plant Process Area 

– Former PCB Manufacturing Area  TACO Exceedances 
– S-09-19, S-09-16, S-09-20 and S-09-17 Mercury 
– S0904 and S0905 PCBs 

? Chlorobenzene Process Area 
– Spent Carbon Tank PCBs 
– S0710, S0711 and S-07-18 VOCs, SVOCs and PCBs 
– S-12-07 DCB, Nitrochlorobenzene and Dichloronitrobenzene 
– S-12-11 Pentachlorophenol 

? PCB Warehouse PCBs 
? Chlorobenzene Storage Area 

– S0601, S0602 and S-06-06 VOCs, SVOCs and PCBs 
– S-06-07S-06-08 VOCs, SVOCs and PCBs 
– S-06-10 VOCs 
– B-58 and B-57 VOCs, SVOCs and PCBs 
– X108 and X109 Pesticides and Herbicides 

? South of 3rd Street between G and H Streets 
– S0506 and S-05-16 VOCs 

? H Street Halfway between 3rd and 5th Streets 
– X107 Pesticides and Herbicides 

? North Central Boundary 
– S0403, S0408 and S0409 Resample S, M and D 

? West Central Boundary  
– S-04-28 and S0413 VOCs 

 
Lot F  
 
? Southwest Corner 

– S0205, S0206, S0208 PCBs 
– LF-2, LF-3 and LF-4 TACO Exceedances 

? West Central Boundary 
– S0110 Extent of Fill 

 Assess HH and Eco Risks 
Grassy Field North of Plant Parking Lot  
 
? S1101, S1102 and S1103 Collect Shallow Soil Samples 
 

Supplemental Groundwater Information ? Evaluate groundwater impact due to individual source areas  
? Determine extent of PCB migration in groundwater 
? Additional DHU wells between Lot F and the Mississippi River 
? Install nested well clusters at 250 ft. intervals upgradient of Site R to 

separate WGK and Site R plumes 
? Sample wells GM-17B/C, GM-4B/C, MW-7B/C, GM-20B and GM-19C 

 
Supplemental DNAPL Information ? DNAPL impacted area boundary delineation 
 
Supplemental Sediment Information ? Sediment sampling in Mississippi River depositional areas 
 
Supplemental Air Information ? Indoor air sampling: 
 

– Building closest to SVP-10 
– Building closest to SVP-14 

 
1.3.3 Response to Comments 
 
This Response to Comments does not address all of USEPA's November 18, 2004 comments on the 

August 27, 2004 W.G. Krummrich Corrective Measure Study.  In meetings with USEPA on December 14, 

2004 and January 20, 2005, Solutia expressed its concerns about the cost effectiveness and technical 

practicability of reducing remediation time frames by treating and removing unsaturated and/or saturated 
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source area soils, the extensive scope of the supplemental information requested by the Agency and 

completing additional data collection and evaluation by September 30, 2005.  Preliminary estimates, 

based on existing information, indicate that it would cost $783MM to achieve TACO criteria and Illinois 

Class I Groundwater Standards at source areas within the W.G. Krummrich plant process area: 

 

Estimated Cost to Achieve TACO Criteria and Illinois Class I Groundwater Standards at W.G. Krummrich Source Areas  
 
Impacted Media  Remedial Action  Estimated Cost 
 
? Unsaturated Zone Soils with  Impermeable Caps 30 Acres $14,910,000 

Concentrations > TACO  
Inhalation/Ingestion Criteria 

? Unsaturated Zone Soils with  Organics In-Situ Thermal  
 Concentrations > TACO  1,400,000 CY 123,200,000 
 Soil to Groundwater Leaching Inorganics Off-Site Disposal  
 Criteria  556,000 CY 175,140,000  
 
? Unsaturated Zones Soils with Excavation and Off-Site 

PCB Concentrations > 100 ppm Incineration 15,000 CY 45,000,000 
 
 Estimated Source Area Unsaturated Zone Treatment Costs $358,250,000 

 
? DNAPL 99 % Mass Removal In-Situ Thermal 158,400,000 
   In-Situ Chemical Oxidation 225,000,000 
   1,800,000 CY 
 
  Aggressive Source Area Pump and Treat 41,640,000 
 
  Estimated Source Area Saturated Zone Treatment Costs $425,040,000 
 
 Estimated Total Cost $783,290,000 
 
Expenditure of $783MM to achieve TACO Criteria and Illinois Class I Groundwater Standards is not cost 

effective for a site where current human exposures and migration of contaminated groundwater are 

currently under control, and will remain so for the foreseeable future, and existing remedial actions will 

eventually result in soil and groundwater restoration.  In addition, achieving TACO criteria and Illinois 

Class I Groundwater Standards for source area soils and groundwater depends entirely upon achieving 

unsaturated and saturated zone mass removal in excess of 99 percent, which experience at other sites 

indicates is technically impracticable.   

 
USEPA’s supplemental information request for soils focuses on defining the extent of specific 

constituents and can be addressed by kreiging existing soil sample analytical data from more than 100 

sampling locations in the plant process area and Lot F.  The Agency also requested supplemental 

groundwater, DNAPL, sediment and air information.  Supplemental groundwater information can be 

collected as part of a long-term groundwater monitoring plan for the site.  Instead of collecting 

supplemental DNAPL information, kreiging of existing data can be used to define the boundaries of 

DNAPL-impacted areas.   Sediment sampling in the Mississippi River is a component of the Sauget Area 

2 Remedial Investigation/Feasibility Study that is already underway and additional sampling under the 
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W.G. Krummrich RCRA AOC is not appropriate.  Indoor air in buildings near soil gas sampling locations 

SVP-10 and SVP-14 were sampled as part of the CMS and it is unclear why additional sampling is 

warranted. 

 
Preliminary estimates indicate that it would take 18 to 24 months to perform "bench-scale treatability 

testing, using methods and test apparatus recognized as leading-edge in the industry and capable of 

generating the most representative data possible" and to conduct "an extended in-field pilot test of one or 

more of these technologies" as described in the Agency's comments.  When informed of this schedule 

during the January 20, 2005 meeting, USEPA indicated that spending an additional two years on 

treatability testing and supplemental data collection was not appropriate.  Instead, Solutia should focus on 

evaluating source control measures that remove mass and reduce remediation time frames. 

 
To respond to USEPA’s comments on the W.G. Krummrich CMS, Solutia will undertake additional 

evaluations to determine the feasibility of mass removal in the site source areas, specifically the Former 

PCB Manufacturing Area and the Chlorobenzene Process Area, and evaluate whether or not source area 

mass removal is technically practicable, cost effective and capable of reducing remediation time frames to 

30 years or less.  Bench-scale treatability tests will be performed to determine the feasibility of in-situ 

treatment of PCBs in the Former PCB Manufacturing Area unsaturated soils, in-situ treatment of 

Monochlorobenzene and Dichlorobenzene (MCB/DCB) in the Chlorobenzene Process Area unsaturated 

soils and in-situ treatment of MCB/DCB DNAPL of saturated soils beneath the Chlorobenzene Process 

Area.  Time to clean estimates will be made using data derived from these treatability tests and these 

estimates will be used to evaluate a new corrective measure array that includes source area mass 

removal.   Another corrective measure array, designed to achieve TACO criteria in less than 30 years, will 

also be evaluated.  These two new arrays will be integrated into the CMS Comparative Analysis. 

 
In addition to evaluating potential source control measures, this Response to Comments, which is 

organized as shown below, includes a comprehensive groundwater monitoring plan for the site: 

 
Section 1.0 Introduction 

Section 2.0 PCB Treatability Test 

Section 3.0 MCB/DCB Treatability Test 

Section 4.0 MCB/DCB DNAPL Treatability Test 

Section 5.0 Comparative Analysis  

Section 6.0 Groundwater Monitoring Plan 

Section 7.0 Schedule
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2.0 PCB TREATABILITY TEST 
 
2.1 Mass Delineation 
 
Environmental Visualization System software (EVS, Version 7.92) was used to define the distribution of 

PCB mass within the W.G. Krummrich plant process area, identify high mass areas, determine the 

geometry of these areas and quantify the amount of PCB mass present in them using existing data.  The 

goal of this modeling was to define a high mass area where soil samples should be collected to perform 

bench-scale treatability studies. 

 
Table 2.1 presents information on the modeled mass of PCBs in unsaturated soils (0 to 15 ft. bgs.) in the 

plant process area and in the area with the highest PCB mass (Appendix A).  Figure 2.1 is a plan view 

depiction of PCB concentrations in plant process area unsaturated soils made by flattening the Z-axis 

(depth axis) of the three-dimensional plot to show the highest concentration in the 0 to 15 foot deep 

unsaturated zone.  Color-coded zones of increasing order of magnitude (1 to 10, 10 to 100, 100 to 1000, 

1000 to 10,000 and  greater than 10,000 ppm)  were created to clearly depict areas of increasing mass.   

 
The Former PCB Manufacturing Area has the highest PCB concentrations within the plant process area 

(Figure 2.1) and contains 3.5 times more PCB mass per cubic yard of soil than in the overall site (0.19 

Kg/cy vs. 0.054 Kg/cy): 

 

Area 
Volume of PCB-
Containing Soil  
(cubic yards) 

Mass of 
PCBs (Kg) 

Percent  
of Total 

PCB Volume  

Percent  
of Total 

PCB Mass 

PCB Density 
Kg /cy 

Former PCB 
Manufacturing 
Area 

24,055 4,478 9.6 38.8 0.19 

Overall Plant 
Process Area 250,710 13,550 100 100 0.054 

 
Notes: 1) Modeled soil volume corresponds to total PCB concentrations greater than 1 mg/kg 
 
Bench-scale treatability test samples will be collected from unsaturated soils in the Former PCB 

Manufacturing Area because it is the highest concentration/highest mass location within the plant process 

area.     

 
2.2 Technology Evaluation 
 
2.2.1  Literature Search 
 
A literature search was conducted to identify technologies tested at bench-scale, pilot-scale or full-scale 

for their potential to treat unsaturated zone source areas with elevated concentrations of PCBs.  The 

literature search included technical journals, conference proceedings, technical presentations, and 
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internet databases, such as the EPA Clu-In website.  Key findings of the three studies located by this 

literature search are summarized on Table 2.2 and the three studies are included in Appendix B.   

 
2.2.2  Technology Comparison 
 
The literature search identified thermal treatment and chemical oxidation as technologies tested for their 

potential in addressing unsaturated zone source areas with elevated concentrations of PCBs.  These 

technologies were evaluated for their potential applicability at the W.G. Krummrich Facility based on 

performance and implementability.   

 
2.2.2.1 Thermal Treatment 
 
Performance - Thermal treatment is a general term for a variety of approaches designed to destroy or 

mobilize organic constituent mass in situ.  High temperature thermal treatment (i.e., in-situ thermal 

desorption, ISTD) is applicable at sites with PCB contamination in the unsaturated zone if soil 

temperatures can be raised to the point where soil moisture boils off and the reported distillation range of 

275°C to 420°C for PCB mixtures can be reached.  Further heating (often > 500°C) will desorb and 

volatilize PCBs and, when higher temperatures are employed, they can be completely oxidized or 

pyrolyzed.   

 
Treatment by high-temperature ISTD involves injection of heat into the soil by thermal conduction from a 

network of heater/vacuum wells.  Heat is conducted away from the heater/vacuum wells, raising soil 

temperatures, while vaporized constituents are drawn back toward the heater/vacuum wells by applied 

suction.  Zones of very high temperature are created between the heater/vacuum wells, which can 

volatilize, oxidize and/or pyrolize PCBs.  Heater/vacuum wells, which are connected to a vapor treatment 

process system, collect volatilized PCBs, water and carbon dioxide which are the primary gaseous 

products of high-temperature ISTD.  A ring of heater-only wells, installed around the perimeter of the 

treatment area outside of the contaminated zone, is used to prevent condensation of contaminant vapors 

outside the treatment area.  This technology is applicable in both fine-grained and coarse-grained soils 

under a wide range of soil moisture conditions. 

 
Vinegar et al. (1997) reported that a pilot test of high-temperature ISTD decreased PCB soil 

concentrations from approximately 20,000 mg/kg to less than 1 mg/kg over a 42-day treatment period.  

Temperatures exceeded 500°C in the interwell regions.  Of 94 soil samples collected in the treatment 

zone after completion of ISTD treatment, 81 samples did not contain PCBs above the detection limit of 

0.033 mg/kg.  Based on the favorable results of this demonstration, high-temperature ISTD was applied 

at approximately four additional PCB sites (Ralph Baker, TerraTherm, personal communication, January 

31, 2005).  
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Implementation - Surface and subsurface obstacles, such as buildings, process equipment, and utility 

corridors could make the application of thermal technologies difficult in some locations.  

 
2.2.2.2  Chemical Oxidation 
 
Performance - In-situ chemical oxidation (ISCO) acts to deplete source mass via a chemical reaction 

between a strong oxidant and a chlorinated organic compound with the goal of directly converting the 

organic compound to CO2.  Mass destruction occurs through a thermodynamically favorable chemical 

oxidation in which the contaminant accepts electrons generated from the reduction of the added oxidant.  

The by-products of this reaction are carbon dioxide, water, and chloride.  Common chemicals used for 

this purpose include, in order of decreasing oxidation potential, Fenton’s Reagent, ozone, hydrogen 

peroxide and potassium permanganate (KMnO4).  

 
Cassidy et al. (2002) compared the PCB destruction performance of two oxidants, Chemox (a proprietary 

solid phase oxidant) and ozone gas, in bench-scale tests.  Both oxidants achieved greater than 92% 

removal of PCBs.  In another bench-scale test, Balba et al. (2002) reported a 79% reduction in PCB soil 

concentrations using potassium permanganate as the oxidant.  The authors reported that chemical 

oxidation was not carried forward for pilot testing because mass removal rates were lower than required 

to meet remediation objectives. 

 
Implementation - Implementation of in-situ chemical oxidation would require a large network of injection 

and recovery wells, as well as extensive characterization of the subsurface flow patterns before and after 

the placement of wells, in order to achieve uniform distribution of oxidant due to heterogeneities within the 

unsaturated zone.     

 
2.2.3 Selected Technology  
 
Thermal treatment using high-temperature ISTD was selected for treatability testing to determine whether 

or not source control in the Former PCB Manufacturing Area is technically feasible and cost effective.  

ISTD is more likely to be successful in treating PCBs in unsaturated source area soils than ISCO and it is 

easier to implement.     

 
2.3 Treatability Test 
 
Approach - The focus of the Former PCB Manufacturing Area treatability test is to determine the target 

treatment temperatures needed to achieve a specific PCB concentrations in unsaturated soils from this 

source area and to demonstrate that PCBs are either volatilized from the soil matrix and captured by the 

vapor recovery system or destroyed in situ by pyrolysis and/or oxidation. 

Evaluation of multiple soil samples is required to adequately characterize the spatial variability of soil 
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types and contaminant concentrations and predict the range of treatment achievable with the high-

temperature ISTD process.  TerraTherm, the technology vendor, will conduct the treatability tests via a 

supervised subcontract to a specialty laboratory, KEMRON Environmental Services, Inc., Atlanta, 

Georgia.  Selected soil samples will be placed in a cylindrical metal tube and air will be passed through 

the sample, to simulate vacuum extraction, while heating the assembly within a muffle furnace as shown 

below.   

 

 
 

The temperature of the muffle furnace will set at a target temperature and a thermocouple in the soil 

sample will allow the soil temperature to be monitored. 

 
Objective - The objective of the treatability test is to demonstrate the extent of removal of PCBs as a 

function of 300, 350, and 425°C target temperatures.  Each target temperature will be maintained for 72 

hours to simulate the minimum treatment level associated with each target temperature. 
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Soil Sampling and Characterization - Kemron estimates that approximately 5 kg (11 pounds) of soil will 

be needed for each sample tested during the study.  Soil samples will be collected from three depths (0 to 

5, 5 to 10 and 10 to 15 ft bgs) within the Former PCB Manufacturing at the center of the concentration 

high shown on Figure 2.2.  Upon receipt of the soil samples, Kemron will log in the untreated soil 

samples and place them in refrigerated storage at a temperature of 4°C.  Each cooled soil sample will be 

homogenized by placing it into a large mixing pan and blending until visually homogeneous using 

stainless steel utensils.  As a part of the homogenization process, any large and agglomerated particles 

will be broken into smaller, more manageable sizes.   Kemron will then divide each depth interval soil 

sample into five equal aliquots as shown below: 

 
Bench-Scale Thermal Treatability Test Sample Aliquots  
 

? Aliquot 1 300oC Treatability Test 
? Aliquot 2 350oC Treatability Test 
? Aliquot 3 425oC Treatability Test 
? Aliquot 4 Total PCB Analysis 
? Aliquot 5 Moisture Content and Grain Size Analysis 

 
Kemron will perform chemical (Aliquot 4) and geotechnical analysis (Aliquot 5) of the site soil prior to 

bench-scale treatment using the following methods: 

 
PCB Treatability Test Soil Sample Characterization  
 
Parameter Analytical Method 

Total PCBs EPA Method 8082 
Moisture Content ASTM D 2216 
Particle Size Analysis ASTM D 422 
 

Once the results of the untreated soil characterization are reviewed with Solutia and USEPA to confirm 

that the materials are representative of site conditions, TerraTherm will direct Kemron to proceed with the 

thermal treatment evaluation. 

 
Treatability Test - Bench-scale thermal testing will be conducted using a Fisher Scientific Series 750 

muffle furnace (or equivalent) capable of reaching temperatures as high as 2,100°F (1158°C).  Three 

thermal treatability tests will be conducted on each of three site soil samples.  Testing will be conducted 

at the selected soil temperatures (300, 350, and 425°C) with a residence time of approximately 72 hours 

at each temperature.  A soil sample will be placed into a stainless steel cylinder (reactor) measuring 

approximately 6 inches in length and 3 inches in diameter.  The tare weight of the reactor and the weight 

of the soil in the reactor will be measured and recorded.   

 
Before initiating the thermal test, the cylinder containing the untreated soil will be placed in the furnace at 

ambient temperature.  A temperature probe will be placed through an opening in the roof of the furnace 



Response to Comments 
RCRA Corrective Measures Study   
W.G. Krummrich Facility, Sauget, Illinois PCB TREATABILITY TEST 
  
 
  

   
February 9, 2005  Page 2 - 6 

 P:\Environmental\21561388 (Solutia Krummrich CMS)\CMS Report Comments\CMS Response to Comments document\KR020905 - CMS R to C (final).doc 

and into the soil for monitoring soil temperature during the testing process.  The furnace temperature will 

then be gradually brought up to the target soil treatment temperature.  Once the furnace has achieved the 

target treatment temperature, thermal treatment will be conducted for the specified residence time (72 

hours) or until the soil sample thermocouple reaches the target treatment temperature.  At the end of the 

treatment period, the cylinder will be removed from the furnace and allowed to rapidly cool to room 

temperature under a fume hood.  The final weight of the cylinder and testing residuals will then be 

measured and recorded prior to post-test sampling and analysis. Throughout thermal testing, Kemron will 

monitor the temperature of the furnace chamber and the soil in the cylinder.  Temperatures will be 

recorded at ten-minute intervals using a Digi-Sense dual-channel thermocouple with a data logger (or 

equivalent unit), allowing temperature monitoring to be performed throughout the entire residence time.  

Temperature monitoring will be performed while the furnace heats up to the target treatment temperature, 

throughout the duration of treatment, and while the testing residuals cool to ambient conditions.   

 
After thermal testing is completed, a sample of the thermally treated soil from each test cylinder will be 

homogenized and analyzed for Total PCBs.   

 
Report - Upon completion of treatability testing, laboratory analyses and data validation, TerraTherm will 

prepare and submit a treatability study report that describes testing protocols, treatability test results and 

includes all data collected during the study including laboratory notes and reports.   
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3.0 MCB/DCB TREATABILITY TEST 
 
3.1 Mass Delineation 
 
Unsaturated zone soils containing MCB and DCB were selected for bench-scale testing because these 

two constituents are the principal components of the groundwater plume migrating from the W.G. 

Krummrich facility to the Mississippi River.  Environmental Visualization System software (EVS, Version 

7.92) was used to identify the highest concentrations of monochlorobenzene (MCB) and total 

dichlorobenzene (DCB) in unsaturated soils in the plant process area, define the geometry of high mass 

areas and to quantify the MCB/DCB mass present in unsaturated soils at the site using existing data 

(Appendix A).  The goal of this modeling was to define a high mass area where soil samples should be 

collected to perform bench-scale treatability studies. 

 
Table 3.1 presents information on the estimated mass of MCB and DCB in the unsaturated zone soils 

over the plant process area and in the area of highest MCB/DCB mass.  Figures 3.1 and 3.2 are plan 

view depictions, respectively, of maximum MCB and DCB concentrations in the plant process area.  In 

these depictions, the concentrations of MCB and DCB in unsaturated soils (0 to 15 ft. bgs.) are projected 

to the surface.  Color-coded zones of increasing MCB and DCB concentration (1 to 10, 10 to 100, 100 to 

250, 250 to 500 and greater that 500 ppm) were created to clearly depict areas of increasing mass.   

 
While several smaller high mass areas are present in the plant process area at the North Tank Farm, the 

Former Chlorobenzene Storage Area and along a pipe corridor, the Former Chlorobenzene Process Area 

has the highest MCB/DCB concentrations in the plant process area and contains roughly 40 percent more 

MCB mass per cubic yard of soil than the overall site (0.15 Kg/cy vs. 0.11 Kg/cy).   

 

Area 
Volume of MCB-
Containing Soil  
(cubic yards) 

Mass of MCB 
(Kg) 

Percent of 
MCB Volume  

Percent of 
MCB Mass 

MCB   
Density 
Kg /cy 

Chlorobenzene 
Process Area 56,184 8,647 

 40.7 56.3 0.15 

Overall Plant 
Process Area 138,010 15,350 100 100 0.11 

 
NOTE:   1) Modeled soil volume corresponds to MCB concentrations greater than 1 mg/kg 
 2) DCB mass is contained within MCB mass, so the volume of the former is not included in table. 
 

For these reasons, the Former Chlorobenzene Process Area was selected as the location to sample for 

the MCB/DCB unsaturated soil treatability tests.   
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3.2 Technology Evaluation 
 
3.2.1  Literature Search 
 
A literature search was conducted to identify technologies with bench-scale, pilot-scale or full-scale 

treatability tests of unsaturated zone source areas with elevated concentrations of MCB and/or DCB.  The 

literature search included technical journals, conference proceedings, technical presentations, and 

internet databases, such as the EPA Clu-In website.  Key findings of the two studies located by this 

literature search are summarized on Table 3.2 and the two studies are included in Appendix B. 

 
3.2.2  Technology Comparison 
 
The literature search identified bench-scale, pilot-scale or full-scale treatability tests using thermal 

treatment and chemical oxidation for treating unsaturated zone source areas with elevated concentrations 

of MCB and/or DCB.  These technologies were evaluated for their potential applicability at the W.G. 

Krummrich Facility based on performance and implementation.  As discussed in Section 1.2.4, attempts 

to recover MCB from the unsaturated zone after a 10,000 gallon release in 2001 demonstrated that dual-

phase vapor extraction (DPVE) and pooled product recovery were not effective source control 

technologies.   

 
3.2.2.1 Thermal Treatment 
 
Performance - Thermal treatment is a general term for a variety of approaches designed to destroy or 

mobilize constituent mass in situ.  Low-temperature in-situ thermal treatment methods involve heating 

unsaturated soils using electrical resistance heating, steam heating or microwave heating to vaporize and 

strip low-boiling point volatile organic compounds (B.P. < 100oC) from source area soils.  Vacuum wells 

are necessary to capture and recover the vapor phase constituents.   In-situ treatment of unsaturated 

soils containing high boiling-point volatile and semivolatile organic compounds (B.P. > 100oC), such as 

MCB and DCB, requires higher temperatures.  Higher temperature applications can use thermal 

conduction to completely boil off all water within the treatment zone, followed by further heating (often > 

500°C) to desorb and volatilize semivolatile compounds.  When higher temperatures are employed, 

constituents can be completely oxidized or pyrolyzed.  MCB has a boiling point of 132°C; boiling points for 

the DCB isomers range from 173 to 180°C.  This data indicates that high temperature thermal treatment 

(i.e., in-situ thermal desorption, ISTD) would be needed at sites with MCB/DCB in unsaturated zone 

source area soils.  At sites with MCB/DCB in source area soils, soil moisture would have to be boiled off 

before volatilization of MCB and DCB could occur.   

 
Treatment by ISTD involves injection of heat into the soil by thermal conduction from a network of 

heater/vacuum wells.  Heat radiates away from the heater/vacuum wells while vaporized constituents are 
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drawn toward the heater/vacuum wells by applied suction from a vapor treatment system.  A zone of very 

high temperatures is created near the heater/vacuum wells, which can oxidize or pyrolize MCB/DCB.  The 

primary gaseous products are volatilized organics, water and carbon dioxide.  A ring of heater-only wells 

is installed around the perimeter of the treatment area, outside of the contaminated zone, to prevent 

condensation of contaminant vapors outside the treatment area.  This technology is applicable in both 

fine-grained and coarse-grained soils under a wide range of soil moisture conditions. 

 
Baker et al. (2002) reported that a bench-scale test of ISTD decreased MCB/DCB mass by more than 

94%.  MCB had the highest mass removal (99.8%), and removal of the three DCB isomers ranged from 

94.8% to 97.3%.  The authors concluded that ISTD was a viable remedial technology for treatment of 

MCB and DCB in unsaturated soil.       

 
Implementation - Surface and subsurface obstacles, such as buildings, process equipment, and utility 

corridors could make the application of thermal technologies difficult in some locations.  

 
3.2.2.2  Chemical Oxidation 
 
Performance - In-situ chemical oxidation (ISCO) acts to deplete source mass via a chemical reaction 

between a strong oxidant and a chlorinated organic compound with the goal of directly converting the 

organic compound to CO2.  Mass destruction occurs through a thermodynamically favorable chemical 

oxidation in which the contaminant accepts electrons generated from the reduction of the added oxidant.  

The by-products of this reaction are carbon dioxide, water, and chloride.  Common chemicals used for 

this purpose include, in order of decreasing oxidation potential, Fenton’s Reagent, ozone, hydrogen 

peroxide and potassium permanganate (KMnO4). 

 
Based on the literature search, one site reported the use of chemical oxidation for treatment of soil phase 

MCB/DCB (Table 3.2).  Horst et al. (2002) investigated the use of potassium permanganate to treat MCB 

and 1,2-DCB in bench-scale tests.   They observed greater than 99% concentration reduction for both 

MCB and 1,2-DCB.  In a subsequent pilot-test, the authors reported that the oxidant was unable to 

sustain reaction with the target compounds.  

 
Implementation - Implementation of in-situ chemical oxidation would require a large network of injection 

and recovery wells, as well as extensive characterization of the subsurface flow patterns before and after 

the placement of wells, in order to achieve uniform distribution of oxidant due to heterogeneities within the 

unsaturated zone.     
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3.2.3 Selected Technology  
 
Thermal treatment using high-temperature ISTD was selected for treatability testing to determine whether 

or not source control in the Former Chlorobenzene Process Area is technically feasible and cost effective.  

ISTD is more likely to be successful in treating unsaturated zone MCB/DCB source areas that ISCO and 

is easier to implement.   

 

3.3 Treatability Test 
 
Approach - The focus of the Former Chlorobenzene Process Area treatability test is to determine the 

target treatment temperatures needed to achieve a specific MCB/DCB concentrations in unsaturated soils 

from this source area and to demonstrate that MCB/DCB are either volatilized from the soil matrix and 

captured by the vapor recovery system or destroyed in situ by pyrolysis and/or oxidation. 

 
Evaluation of multiple soil samples is required to adequately characterize the spatial variability of soil 

types and contaminant concentrations and predict the range of treatment achievable with the high-

temperature ISTD process.  TerraTherm, the technology vendor, will conduct the treatability tests via a 

supervised subcontract to a specialty laboratory, Kemron Environmental Services, Inc., Atlanta, Georgia.  

Selected soil samples will be placed in a cylindrical metal tube and air will be passed through the sample, 

to simulate vacuum extraction, while heating the assembly within a muffle furnace.  The temperature of 

the muffle furnace will set at a target temperature and a thermocouple in the soil sample will allow the soil 

temperature to be monitored. 

 
Objective - The objective of the treatability test is to demonstrate the extent of removal of MCB/DCB as a 

function of 150, 200, and 250°C target temperatures.  Each target temperature will be maintained for 72 

hours to simulate the minimum treatment level associated with each target temperature. 

 
Soil Sampling and Characterization - Kemron estimates that approximately 5 kg (11 pounds) of soil will 

be needed for each sample tested during the study.  Soil samples will be collected from three depths (0 to 

5, 5 to 10 and 10 to 15 ft bgs) within the Former Chlorobenzene Process Area at the center of the 

concentration high shown on Figure 3.3 and 3.4.  Upon receipt of the soil samples, Kemron will log in the 

untreated soil samples and place them in refrigerated storage at a temperature of 4°C.  Each cooled soil 

sample will be homogenized by placing it into a large mixing pan and blending until visually homogeneous 

using stainless steel utensils.  As a part of the homogenization process, any large and agglomerated 

particles will be broken into smaller, more manageable sizes.   Kemron will then divide each depth 

interval soil sample into five equal aliquots as shown below: 
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Bench-Scale Thermal Treatability Test Sample Aliquots  
 

? Aliquot 1 150oC Treatability Test 
? Aliquot 2 200oC Treatability Test 
? Aliquot 3 250oC Treatability Test 
? Aliquot 4 MCB/DCB Analysis 
? Aliquot 5 Moisture Content and Grain Size Analysis 

 

Kemron will perform chemical (Aliquot 4) and geotechnical analysis (Aliquot 5) of the site soil prior to 

bench-scale treatment using the following methods: 

 
MCB/DCB Treatability Test Soil Sample Characterization  
 
Parameter Analytical Method 

MCB/DCB Modified EPA Method 8021B 
Moisture Content ASTM D 2216 
Particle Size Analysis ASTM D 422 
 
Once the results of the untreated soil characterization are reviewed with Solutia and USEPA to confirm 

that the materials are representative of site conditions, TerraTherm will direct Kemron to proceed with the 

thermal treatment evaluation. 

 
Treatability Test - Bench-scale thermal testing will be conducted using a Fisher Scientific Series 750 

muffle furnace (or equivalent) capable of reaching temperatures as high as 2,100°F (1158°C).  Three 

thermal treatability tests will be conducted on each of three site soil samples.  Testing will be conducted 

at the selected soil temperatures (150, 200, and 250°C) with a residence time of approximately 72 hours 

at each temperature.  A soil sample will be placed into a stainless steel cylinder measuring approximately 

6 inches in length and 3 inches in diameter.  The tare weight of the cylinder and the weight of the soil in 

the cylinder will be measured and recorded.   

 
Before initiating the thermal test, the cylinder containing the untreated soil will be placed in the furnace at 

ambient temperature.  A temperature probe will be placed through an opening in the roof of the furnace 

and into the soil for monitoring soil temperature during the testing process.  The furnace temperature will 

then be gradually brought up to the target soil treatment temperature.  Once the furnace has achieved the 

target treatment temperature, thermal treatment will be conducted for the specified residence time (72 

hours) or until the soil sample thermocouple reaches the target treatment temperature.  At the end of the 

treatment period, the cylinder will be removed from the furnace and allowed to rapidly cool to room 

temperature under a fume hood.  The final weight of the pan and testing residuals will then be measured 

and recorded prior to post-test sampling and analysis. Throughout thermal testing, Kemron will monitor 

the temperature of the furnace chamber and the soil in the cylinder.  Temperatures will be recorded at 

ten-minute intervals using a Digi-Sense dual-channel thermocouple with a data logger (or equivalent unit), 

allowing temperature monitoring to be performed throughout the entire residence time.  Temperature 
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monitoring will be performed while the furnace heats up to the target treatment temperature, throughout 

the duration of treatment, and while the testing residuals cool to ambient conditions.   

 
After thermal testing is completed, a sample of the thermally treated soil from each test cylinder will be 

homogenized and analyzed for MCB/DCB.   

 
Report - Upon completion of treatability testing, laboratory analyses and data validation, TerraTherm will 

prepare and submit a treatability study report that describes testing protocols, treatability test results and 

includes all data collected during the study including laboratory notes and reports.   
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4.0 MCB/DCB DNAPL TREATABILITY TEST 
 
4.1 Mass Delineation 
 
Environmental Visualization System software (EVS, Version 7.92) was used to define the location and 

geometry of MCB and DCB DNAPL high mass areas in unsaturated and saturated soils in the plant 

process area using existing data (Figures 4.1 and 4.2, and Appendix A).   The MCB/DCB DNAPL high 

mass area is located beneath the Chlorobenzene Process Area and bench-scale treatability test samples 

will be collected from this source area (Figure 4.2). 

 
4.2 Technology Evaluation 
 
4.2.1  Literature Search 
 
A literature search was conducted to identify technologies with bench-scale, pilot-scale or full-scale 

treatability tests of DNAPL-impacted source areas with elevated concentrations of MCB and/or DCB in 

the saturated zone.  The literature search included technical journals, conference proceedings, technical 

presentations, and internet databases, such as the EPA Clu-In website.  Key findings of the 12 studies 

identified during this literature search are summarized on Table 4.1 and the twelve studies are included in 

Appendix B. 

 
4.2.2  Technology Comparison 
 
The literature search identified surfactant-enhanced solubilization, chemical oxidation, and enhanced 

aerobic bioremediation as technologies tested for their potential to treat DNAPL-impacted, saturated-zone 

source areas with elevated concentrations of MCB and/or DCB.  These technologies were evaluated for 

their potential applicability at the W.G. Krummrich Facility based on performance and implementation.   

 
4.2.2.1 Surfactant-Enhanced Solubilization 
 
Performance - Surfactant flushing (with or without cosolvent) was developed as an aggressive 

remediation technology for DNAPL in the saturated zone.  The feasibility of this technology is based on 

the interaction between the surfactant, DNAPL and the media in which they are present, typically water.  

Surfactants alter the interfacial properties of fluids, with the end result of enhancing the amount of mass 

that can be present in an aqueous phase at equilibrium.  This transfer of DNAPL from the oil phase to the 

aqueous phase, using surfactants to lower the interfacial tension between the DNAPL and the 

surrounding aqueous phase, enhances DNAPL solubilization and mobilization, making it more amenable 

to flushing or other remedial efforts.   
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Two literature reports describe surfactant enhanced solubilization of chlorobenzenes at the bench-scale.  

McCray et al. (2000) reported that the apparent water solubility of MCB; 1,2-DCB; and 1,4-DCB increased 

900 to 3,200% in a 10% solution of cyclodextrin surfactant (a non-toxic, modified sugar).  Based on these 

results, the authors modeled the removal of 1,2-DCB DNAPL from the subsurface and concluded 

remediation time frame may be shortened by as much as 97% using surfactant flushing.  In another 

study, Ramsburg and Pennell (2002) investigated surfactant flushing coupled with alcohol flushing (i.e., 

density modified displacement).  In a two-dimensional simulated aquifer, the technology successfully 

removed 90% of an emplaced DNAPL.   

 
Performance of this technology in promoting source depletion at a variety of chlorinated solvent (primarily 

perchloroethene and trichloroethene) sites was generally positive.  A recent performance survey of 

source depletion technologies (McGuire, et al., in review, Performance and Rebound of DNAPL Source 

Depletion Technologies at 59 Field Sites, Ground Water Monitoring and Remediation, submitted October 

2004) noted that at four sites where surfactant/cosolvents were used, reduction in parent compound 

concentrations ranged from 91 to 99%.  However, only limited data for daughter product formation was 

available for this survey, so it is unknown whether the total concentration of chlorinated organics matched 

the pattern for the parent compound.  All applications of this technology required less than 52 days of 

surfactant addition, and concentrations continued to decrease over time in the majority of wells.  

Therefore, it appears that the technology was demonstrated at a number of sites, and continued 

management following completion is minimal.   

 
Implementation – Field-scale, surfactant-enhanced solubilization was attempted at relatively few sites.  

This technology requires a significant level of hydraulic control to be effective and necessitates a large 

network of injection and recovery wells, as well as extensive characterization of the subsurface flow 

patterns before and after the placement of wells.  In addition, most field-scale implementations and 

demonstrations of this technology were conducted at depth intervals that are shallower than 15 m below 

ground surface.  Constituents at the W.G. Krummrich Facility were detected at intervals deeper than 30 m 

below ground surface.  Overall, surfactant/cosolvent addition is one of the most complex of the three 

technologies considered, both from a chemical and mechanical perspective.  

 
4.2.2.2  Chemical Oxidation 
 
Performance - As discussed previously, chemical oxidation acts to deplete source mass via a chemical 

reaction between a strong oxidant and an organic constituent with the goal of directly converting the 

compound to CO2.  Common chemicals used for this purpose include, in order of decreasing oxidation 

potential, Fenton’s Reagent, ozone, hydrogen peroxide and potassium permanganate (KMnO4). 
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The literature search generated seven reports documenting use of chemical oxidation for the treatment of 

chlorobenzenes in saturated media (Table 4.1 and Appendix B).  The seven studies represent three 

bench-scale tests, two pilot tests, and two full-scale remediation projects.  In all three bench-scale 

studies, dissolved phase chlorobenzene concentrations were reduced by more than 98%.  Each bench-

scale test utilized different oxidants (potassium permanganate, ozone gas, and Fenton’s reagent).  

Reductions in dissolved phase MCB/DCB concentrations were lower in both pilot-scale and full-scale 

chemical oxidation projects.  At one full-scale remediation site (Williamson et al., 2004), the authors 

reported that MCB concentrations rebounded in source zone wells following three phases of oxidant 

injection.   

 
While in-situ chemical oxidation was successfully demonstrated at a number of sites, continued treatment 

may be necessary to prevent rebound.  In a recent performance survey of source depletion technologies 

(McGuire, et al., in review, Performance and Rebound of DNAPL Source Depletion Technologies at 59 

Field Sites, Ground Water Monitoring and Remediation, submitted October 2004), the median reduction 

in parent compound concentrations was 88% at twelve sites studied, and the reduction in total COCs 

(parents plus daughter products) was 72%.  However, two out of seven sites where a long-term (greater 

than one year) temporal record was available after treatment showed complete rebound in 

concentrations, and all seven sites showed some rebound.  To minimize the potential for rebound, 

oxidant addition to the subsurface must be sustained in amounts high enough to meet demand including 

the demand from natural organic matter.   

 
Implementation - Effective oxidant delivery requires significant hydraulic control in the subsurface.  

Recirculation can be considered to re-use unreacted oxidant, but this increases costs related to well 

placement.  In addition, the formation of solid precipitates during the oxidation process can necessitate 

the use of a downstream removal mechanism prior to reinjection.  If recirculation is not used, off-site 

migration of oxidant is possible.   

 
DNAPL within the MCB/DCB DNAPL source area contains a significant fraction of high boiling point 

organic compounds, not identified by VOC and SVOC analyses, that may require higher oxidant loadings.  

At these higher loadings, well and matrix clogging become more important factors.  In addition, soil 

analysis at Krummrich demonstrated that organic carbon content (as measured by total organic carbon) 

exceeds 0.1% in many depth intervals in the saturated zone, and oxidant demand will increase 

accordingly in these regions.   

 
For all applications of this technology, oxidant delivery must be carefully monitored and varied when 

necessary to ensure adequate performance and reliability.  The incidence of rebound at a number of field 
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sites suggests that long-term monitoring following the initial treatment is necessary, and additional oxidant 

injection events may be required. 

 
4.2.2.3  Enhanced Aerobic Bioremediation 
 
Performance - Enhanced aerobic bioremediation involves direct injection of oxygen through well points in 

the DNAPL source area to stimulate aerobic biodegradation.  Either pure oxygen or air can be injected in 

this treatment approach, however, lower injection volumes are needed when oxygen is used.  The oxygen 

is introduced at low flow rates and in pulsed delivery, so there is no need for installation of soil vapor 

extraction wells and associated equipment.   

 
Chlorobenzenes, including MCB and the DCB isomers, are biodegradable under aerobic conditions.  

Several studies show that aerobic microorganisms utilize MCB (Reineke and Knackmuss, 1988, Microbial 

Degradation of Haloaromatics, Annual Review of Microbiology, 42, 263-287; van der Meer et al., 1998, 

Evolution of a Pathway for Chlorobenzene Metabolism Leads to Natural Attenuation in Contaminated 

Groundwater, Applied and Environmental Microbiology, 64(11), 4185-4193; Rittman and McCarty, 2001, 

Environmental Biotechnology:  Principles and Practices, McGraw Hill, New York) and the DCB isomers 

(Reineke and Knackmuss, 1988; van der Meer, 1991, Cloning and Characterization of Plasmid-Encoded 

Genes for the Degradation of 1,2-Dichloro-, 1,4-Dichloro-, and 1,2,4-Trichlorobenzene of Pseudomonas 

sp. Strain P51, Applied and Environmental Microbiology, 173(1), 6-15; Nielsen and Christensen, 1994, 

Variability of biological degradation of aromatic hydrocarbons in an aerobic aquifer determined by 

laboratory batch experiments, Journal of Contaminant Hydrology, 15, 305-320; Rittman and McCarty, 

2001) as growth-promoting substrates.  These and other studies further indicated that the 

microorganisms capable of carrying out such degradation reactions are commonly encountered at 

contaminated sites. 

 
The pathway for aerobic biodegradation of MCB is similar to that observed for BTEX degradation (van der 

Meer et al., 1998), and results in complete mineralization of MCB to chloride, carbon dioxide, and water.  

Van der Meer et al. (1991) proposed a similar pathway for the aerobic biodegradation of the DCB 

isomers.  Due to complete mineralization, the aerobic biodegradation of chlorobenzenes does not result 

in the production or accumulation of “daughter” products. 

 
The literature search identified four studies that investigated aerobic bioremediation of MCB/DCB in the 

saturated zone (Table 4.1 and Appendix B).  Three bench-scale tests reported reductions of MCB/DCB 

dissolved phase concentration ranging from 78 to 100%, and one pilot test reported a 63.5% reduction in 

MCB.  In all cases, authors report that MCB and DCB are readily biodegraded in the presence of oxygen.   
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Implementation - Oxygen is readily available, and delivery of oxygen to the subsurface is relatively 

straightforward.  This is a proven technology with hundreds of applications at petroleum hydrocarbon 

sites and is relatively easy to design and implement.     

 
4.2.3 Selected Technology  
 
Enhanced aerobic bioremediation was selected for further evaluation and treatability testing for 

addressing MCB/DCB DNAPL in the Former Chlorobenzene Process Area saturated zone.  This selection 

was based on better performance and implementation reported in the literature for enhanced aerobic 

bioremediation than for surfactant-enhanced flushing and in-situ chemical oxidation. 

 
4.3 Treatability Test 
 
The treatability test will be performed by Groundwater Services, Inc. at the Rice University Civil and 

Environmental Engineering laboratory.  The objective, technical approach, procedures, and data 

evaluation for the treatability study are discussed below. 

 
Approach - The proposed approach is to simulate aquifer conditions through use of a large diameter 

column.  Soil from the source zone will be placed in the column to create an aquifer microcosm.  In order 

to minimize the volume of soil required for the experiment and the time required to perform the treatability 

test, the column will be approximately 3-inches diameter by 6-inches long.  Larger, tank-based 

microcosms, such as those used by Greenberg et al., 1998 (In-Situ Fenton-Like Oxidation of Volatile 

Organics: Laboratory, Pilot, and Full-Scale Demonstrations, Remediation, 8(2), 29-36) and Clement et al., 

2004 (Experimental and Numerical Investigation of DNAPL Dissolution Processes, Groundwater 

Monitoring and Remediation, 24(4), 88-96), will not be used for the bench-scale treatability tests because 

the larger simulated aquifer volumes increase the amount of time needed to perform treatabililty tests.  

Distilled or deionized water will be added to the column via a peristaltic pump at a rate equivalent to the 

groundwater velocity in the Middle and Deep Hydrogeologic Units (i.e. 104 ft/yr or 400 mL/d in the 

simulated aquifer columns).  The alkalinity of the water will be adjusted with bicarbonate to levels 

representative of site groundwater.  After a one week equilibrium time, industrial grade oxygen will be 

sparged continuously into the influent reservoir.   The influent will consist of oxygen saturated water for 

the remainder of the experiment.  It is anticipated that the bench-scale treatability tests will require three 

months to complete. 

 
Objective - The objective of the feasibility study is to demonstrate that MCB and DCB are readily 

biodegraded by native microorganisms in the presence of oxygen.  A simulated aquifer will be 

constructed using soil collected from the Chlorobenzene Process Area MCB/DCB DNAPL source area.   
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Oxygen-saturated water will be introduced to the simulated aquifer and changes in aqueous phase 

MCB/DCB concentrations will be monitored in the effluent.  

 
Soil Sampling and Characterization - Each aquifer microcosm will require approximately 1.3 kg (3 

pounds) of soil from the Former Chlorobenzene Process Area MCB/DCB DNAPL source area.  Soil 

samples will be collected from the highest concentration area within MCB/DCB DNAPL source area 

(Figures 4.1 and 4.2).  The soil sample will be shipped at 4°C to the Rice University Civil and 

Environmental Engineering laboratory.  Upon receipt of the soil samples from the W.G. Krummrich 

Facility, the soil sample will be homogenized by placing it into a large mixing pan and blending until 

visually homogeneous using a stainless steel utensil.  As a part of the homogenization process, any large 

and agglomerated particles will be broken into smaller, more manageable sizes.  The homogenized soil 

sample will be divided into eight equal aliquots as shown below: 

 
Bench-Scale Enhanced Aeorbic Bioremediation Treatabilty Test Sample Aliquots  
 

? Aliquot 1 2 Week Treatability Test 
? Aliquot 2 4 Week Treatability Test 
? Aliquot 3 6 Week Treatability Test 
? Aliquot 4 8 Week Treatability Test   
? Aliquot 5 10 Week Treatability Test 
? Aliquot 6 12 Week Treatability Test 
? Aliquot 7 MCB/DCB Analysis 
? Aliquot 8 Particle Size Analysis 

 

Analytical tests will be performed on the untreated soil sample (Aliquot 7) to establish baseline levels of 

MCB/DCB in prior to the start of the treatability test and Aliquot 8 will be analyzed for particle size:  

 
MCB/DCB DNAPL Treatability Test Baseline Soil Sample Characterization  
 
Parameter Analytical Method 

MCB EPA Method 8260B 
1,2-DCB EPA Method 8260B 
1,3-DCB EPA Method 8260B 
1,4-DCB EPA Method 8260B 
Particle Size ASTM D422 
 

Once the results of the untreated soil characterization are reviewed with Solutia and USEPA to confirm 

that the materials are representative of site conditions, GSI will proceed with the thermal treatment 

evaluation. 

 
Treatability Test - A sample collection reservoir (designed to have zero headspace) will be placed at the 

effluent end of each aquifer microcosm.  Water from the sample collection reservoir will be sampled twice 

during the one week equilibrium period to establish dissolution conditions.  Once oxygen addition begins, 

effluent samples will be collected weekly from each microcosm to measure the progress of 
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bioremediation.  At the end of each microcosm’s test duration, the microcosm will be sacrificed and the 

soil will be split into three aliquots (top, middle and bottom) and analyzed.  Effluent and soil samples will 

be analyzed for the following parameters: 

 
MCB/DCB DNAPL Treatability Test Effluent and Soil Sample Characterization  
 
Parameter Analytical Method 

MCB EPA Method 8260B 
1,2-DCB EPA Method 8260B 
1,3-DCB EPA Method 8260B 
1,4-DCB EPA Method 8260B 
Chloride  EPA Method 325.3 
 
Effluent pH, DO, ORP and Conductance will be measured with field meters.  A total of 54 effluent 

samples will be collected  for analysis on the following schedule: 

 
MCB/DCB DNAPL Treatability Test Effluent Sampling Schedule  
 
Week Microcosm 1 Microcosm 2 Microcosm 3 Microcosm 4 Microcosm 5 Microcosm 6 
 
 - 1 ? ? ? ? ? ? 
 0 ? ? ? ? ? ? 
 1 ? ? ? ? ? ? 
 2 ? ? ? ? ? ? 
 3  ? ? ? ? ? 
 4  ? ? ? ? ? 
 5  ? ? ? ? ? 
 6   ? ? ? ?  
 7   ? ? ? ? 
 8    ? ? ? 
 9     ? ? 
 10     ? ? 
 11      ? 
 12      ? 
 
Total 4 6 8 10 12 14 
 
 
Three soil samples will be analyzed for MCB/DCB after each of the six aquifer microcosms are sacrificed, 

resulting in a total of 18 treated soil sample analyses 

 
The efficacy of enhanced aerobic bioremediation will be evaluated by comparison of dissolved phase and 

soil phase MCB/DCB concentrations from before and after treatment.  In addition, the mass flux 

enhancement due to bioremediation will be evaluated by comparison of mass removal rates during the 

equilibrium period to removal rates after oxygen addition.     
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Report - Upon completion of treatability testing, laboratory analyses and data validation, Groundwater 

Services, Inc. will prepare and submit a treatability study report that describes testing protocols, 

treatability test results and includes all data collected during the study including laboratory notes and 

reports.   
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5.0 Comparative Analysis of Corrective Measure Arrays 
 
Results of the bench-scale treatability tests will be integrated into a comparative analysis that includes the 

following corrective measure arrays: 

 
Comparative Analysis   
 
? Corrective Measure Array 1 Current Conditions 
  

– Source Control Permeable Covers 
  Institutional Controls 
  Monitoring 
– Downgradient Groundwater Sauget Area 2 Groundwater Migration Control System 
 Migration Control Natural Attenuation 

  Institutional Controls 
  Monitoring 
 
? Corrective Measure Array 2 Hydraulic Control of Source Areas and Downgradient Groundwater 
 

– Source Control Impermeable Covers 
  Aggressive Pump and Treat 
  Institutional Controls 
  Monitoring 
– Downgradient Groundwater Lot F Hydraulic Barrier/Natural Attenuation 
 Migration Control Sauget Area 2 Groundwater Migration Control System 

  Institutional Controls 
  Monitoring 
 
? Corrective Measure Array 3 Source Area Treatment, Impermeable Caps and   
  Downgradient Groundwater Migration Control 
 

– Source Control  In-Situ Unsaturated Soil Treatment 
– Former PCB Manufacturing Area PCBs 
– Chlorobenzene Process Area MCB/DCB 
– Chlorobenzene Storage Area MCB/DCB 

In-Situ Saturated Soil Treatment 
– Chlorobenzene Process Area MCB/DCB 
– Chlorobenzene Storage Area MCB/DCB 

Aggressive Source Area Pump and Treat MCB/DCB 
Impermeable Caps TACO Exceedances 
 
Institutional Controls 
Monitoring   

– Downgradient Groundwater Lot F Hydraulic Barrier/Natural Attenuation 
  Sauget Area 2 Groundwater Migration Control System 

  Institutional Controls 
  Monitoring 
 
? Corrective Measure Array 4 Achieve Regulatory Criteria in 30 Years 
 

– Source Control  Unsaturated Soil – Organics In-Situ Thermal Treatment   
– Soils > TACO Inhalation/Ingestion Criteria 
– Soils > TACO Soil to Groundwater Leaching Criteria  
– Soils > 100 ppm PCBs 

Unsaturated Soil - Inorganics Excavation and Off-Site Disposal   
– Soils > TACO Soil to Groundwater Leaching Criteria 

Saturated Soil Two-Stage (Thermal/ISCO) In-Situ Treatment 
– Soils > Illinois Class I Groundwater Standards 

Aggressive Source Area Pump and Treat 
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– Downgradient Groundwater In-Situ Groundwater Treatment  In- Well Stripping 
– VOCs > Illinois Class I Groundwater Standards 
In-Situ Groundwater Treatment  Recirculation Well Biodegradation 
– SVOCs > Illinois Class I Standards 

  Institutional Controls 
  Monitoring 
 

Time to clean ranges will be estimated for each of these corrective measure arrays (Appendix C) and 

each array will be evaluated and compared on the basis time to clean and the following criteria: 

 
Corrective Measure Array Evaluation Criteria  
 
Primary Criteria  Balancing Criteria  
 
? Overall Protection of Human Health and the Environment ? Long-Term Reliability and Effectiveness 
? Ability to Achieve Media Clean Up Objectives ? Reduction of Toxicity, Mobility and Volume 
? Reduction/Elimination of Further Releases ? Short-Term Effectiveness 
  ? Implementability 
  ? Cost 
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6.0 GROUNDWATER MONITORING PLAN 
 
Solutia prepared a Plume Stability Monitoring Plan as part of the CA-750 RCRA Environmental Indicator 

program, and submitted it to USEPA on April 19, 2004.  On December 3, 2004, USEPA issued comments 

to this plan.  In addition, some of USEPA’s comments on the CMS Report (November 18, 2004 comment 

letter) addressed groundwater quality.  In this Groundwater Monitoring Plan, Solutia addressed both sets 

of comments, as they pertain to groundwater quality monitoring and plume stability. 

 
The proposed monitoring well program was developed based on particle track modeling conducted for the 

CMS and modeling of site-wide groundwater quality data collected in 1999/2000 and in 2003.  This work 

defined the flowpaths of groundwater from the facility downgradient to the Mississippi River including 

definition of groundwater flowpaths that would be captured by the Sauget Area 2 Groundwater Migration 

Control System (GMCS), as well as flowpaths that would not be captured by the GMCS.  The proposed 

monitoring network is comprehensive in that it includes source area wells and downgradient wells within 

and along the plume boundaries.  Environmental Visualization System (EVS, Version 7.92) modeling of 

the existing groundwater data set was used to select monitoring well screen depths.  MCB and DCB were 

selected as indicators of groundwater quality at and downgradient of the facility, because they are the 

constituents that migrated furthest from the facility and are closest to the Mississippi River.    

 
6.1 Monitoring Network 
 
The proposed monitoring network is shown on Figure 6.1.  The network includes 17 locations for 

monitoring plume boundary conditions and plume stability.  The table below describes the location 

criteria. 

 

Monitoring Area Monitoring 
Location No. Location Criteria 

Upgradient 1   Upgradient location; unaffected by WGK activities 
 
 
Plant Process Area 

 
 
2, 3, 4, 5 
 

Located in groundwater source areas in Plant Process 
Area: 
2 – Former PCB Manufacturing Area 
3 – Chlorobenzene Process Area 
4 – North Tank Farm Area 
5 – Chlorobenzene Storage Area 

6, 10, 14 Provide data along northern plume boundary 
7, 11, 15 Natural attenuation transect – along flowpath downgradient 

from Chlorobenzene Process Area (includes well #3) 

Northern Plume Area 

8, 12, 16 Natural attenuation transect – along flowpath downgradient 
from Chlorobenzene Storage Area (includes well #5) 

Southern Plume 
Area  

9, 13, 17 Provide data along southern plume boundary 
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One well is proposed at each of the 17 locations.  The well screen will be positioned to straddle the 

highest MCB or DCB concentration, modeled using EVS and the existing data set.  Wells will be 

constructed of 2-inch diameter stainless steel with 5 foot long screen sections.  The wells will be installed 

using rotasonic drilling techniques.  Table 6.1 summarizes monitoring well screen intervals and the basis 

for their selection. 

 
6.2 Monitoring Program 
 
The network will be monitored on a quarterly basis for one year to develop a baseline for assessing 

plume stability and annually thereafter.  Monitoring will be done quarterly for the following year, semi-

annually for the next three years and annually thereafter.  Groundwater samples will be collected from 

each of the 17 locations using low–flow sample collection techniques.  Monitoring parameters will focus 

on MCB and DCB, the constituents most indicative of plume conditions and stability, and other 

parameters to assess the effectiveness of natural attenuation.  These parameters are summarized below: 

 

Location Monitoring 
Well No. Laboratory Analyses 

Upgradient, North Tank 
Farm, Northern and 
Southern Plume 
Boundaries 

1, 4, 6, 10, 
14, 9, 13, 17  

MCB, DCB 

MNA transect 3, 7, 11, 15 MCB, DCB 
MNA parameters - Alkalinity, carbon dioxide, chloride, 
ferrous iron, methane, nitrate, sulfate, total organic carbon 

MNA transect 5, 8, 12, 16 MCB, DCB 
MNA parameters - Alkalinity, carbon dioxide, chloride, 
ferrous iron, methane, nitrate, sulfate, total organic carbon 

Former PCB 
Manufacturing Area 

2 PCBs 

 

Table 6.2 summarizes the monitoring parameters and analytical methods.   
 
Groundwater elevation information will be obtained from the 23 existing piezometers clusters installed for 

the Sauget Area 1 EE/CA and RI/FS, the Sauget Area 2 RI/FS and the WGK CA-750 Environmental 

Indicator Determination.  The locations of these piezometers are shown on Figure 6.2.  Table 6.3 

summarizes screen depths for these piezometers.  Groundwater level measurements from the 

piezometer network will be obtained during each sampling round. 

 
6.3 Plume Stability Evaluation  
 
The data collected from the baseline events will be compiled and evaluated to make plume stability 

determinations.  The general work items are described below. 

 



Response to Comments 
RCRA Corrective Measures Study 
W.G. Krummrich Facility, Sauget, Illinois GROUNDWATER MONITORING PLAN 
 

   
February 9, 2005  Page 6 - 3 

 P:\Environmental\21561388 (Solutia Krummrich CMS)\CMS Report Comments\CMS Response to Comments document\KR020905 - CMS R to C (final).doc 

? Groundwater elevation data will be compiled by zone (i.e., shallow hydrogeologic unit, middle 

hydrogeologic unit, deep hydrogeologic unit) and used to develop elevation contour maps. 

 

? Analytical data will be reviewed and validated in accordance with the procedures used in previous 

RCRA projects (e.g., CA-750, CMS).   

 

? Analytical data will be compiled and evaluated to establish baseline statistical information, such as 

normality, distribution, standard deviation, etc.  The baseline data will be divided into appropriate 

groups so that future data can be analyzed to determine the stability of the plume.  The Shapiro-

Wilk or the Shapiro-Francia Tests of Normality will be used to determine the distribution of the 

groups.  The data will then be classified as normal, log normal, or non-parametric.  Some historical 

data have been analyzed to assess the distribution, and the data were found to be non parametric.   

The stability of the plume will be determined by statistically analyzing the monitoring data to the 

baseline data.  The appropriate test will be determined by the distribution of the data and the 

number of non-detects.  For non-parametric data sets, either the Wilcoxon rank sum of the Mann-

Kendall tests will be used to determine the stability of the plume.  If the data are found to be 

normally or lognormally distributed, control charts may be used to determine the stability of the 

plume.   

 
6.4 Reports 
 
A groundwater monitoring report will be prepared and submitted to USEPA after each sampling round 

when sample analysis and data validated are completed.  The report will include a summary of laboratory 

analytical data, an evaluation of plume stability, an evaluation of natural attenuation and a groundwater-

elevation contour map.  
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7.0 SCHEDULE 

7.1 Source Control Evaluation 

The schedule for the source control activities outlined in this document is approximately six months, as 

shown below.   

 

SCHEDULE - SOURCE CONTROL EVALUATION 
2005 

  F
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Collect Treatability Test Samples 
Conduct ISTD Treatability Tests 
               
 
Collect Treatability Test Samples 
Conduct In-Situ Bioremediation Treatability Test 
               
 
Data Validation and Treatability Test Report 
               

 
7.2 Groundwater Monitoring 

The schedule for the groundwater monitoring activities outlined in this document is approximately 17 
months, as shown below.  This includes securing property access, installing the monitoring network, 
conducting one year of quarterly monitoring information, and developing the statistical baseline.  The 
baseline will be used to make plume stability determinations in future monitoring.   

SCHEDULE - GROUNDWATER MONITORING 

2005 and 2006 
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Access and Install 
Monitoring Well 
Network                                           
                                                  
                                                  
Conduct Baseline 
Monitoring Events 
(quarterly) 

                                            
                                                 
                                                  
Compile Data and 
Conduct Baseline 
Statistical 
Assessment                                     
                                                  
                                                
Develop Baseline 
Data Report                                     
                                                  



Response to Comments 
RCRA Corrective Measures Study 
W.G. Krummrich Facility, Sauget, Illinois SCHEDULE 
 

   
February 9, 2005  Page 7 - 2 

 P:\Environmental\21561388 (Solutia Krummrich CMS)\CMS Report Comments\CMS Response to Comments document\KR020905 - CMS R to C (final).doc 

If property access is denied, monitoring wells will be installed on the closest property where access if 
these locations will meet the objectives of the groundwater monitoring program.   

 

 

 



Response to Comments 
RCRA Corrective Measures Study 
W.G. Krummrich Facility, Sauget, Illinois FIGURES 
  

   
February 9, 2005   
   
 P:\Environmental\21561388 (Solutia Krummrich CMS)\CMS Report Comments\CMS Response to Comments document\KR020905 - CMS R to C (final).doc 

 

 

 

 

FIGURES



SITE H

SITE I

SITE M

SITE L

SITE G

BIG
RIVER
ZINC ETHYL

CORPORATIONUNION
ELECTRIC

PCHEM
POTW

CLAYTON
CHEMICAL

SLAY
TERMINAL

AMERICAN
BOTTOMS

POTW

CERRO
COPPER

MIDWEST
RUBBER

STERLING
STEEL

SITE P

SITE O

SITE
O

NY
X 

IN
CI

NE
RA

TI
O

N

SITE Q

MISS
ISS

IPPI

RIV
ER

BORROW PIT
LAKE

R

MONSANTO  AVENUE

SITE S

R
O

U
TE

  3

QUEENY  AVENUE

R
O

A
DPHILLIPS

PETROLEUM

R
O

U
TE

  3

SP
RI

NG
S

FA
LL

IN
G

SAUGET

CAHOKIA

CONTAINMENT CELL

G
RO

UN
DW

AT
ER

 P
UM

PI
NG

 W
EL

LS

SITE N

FORMER RIVER TERMINAL

BARRIER WALL

W. G. KRUMMRICH 
FACILITY



Date: 02/03/05

Figure 
Number:
Project
Number:

RCRA Corrective Measures Study
Response to Comments

W.G. Krummrich Facility
Sauget, Illinois

21561388.00000

2.1

Plan View

<1 ppm

1 to 10 ppm

10 to 100 ppm

100 to 250 ppm

250 to 500 ppm

>500 ppm

Former PCB 
Manufacturing Area

PCB Distribution in Unsaturated Soils 
[0-15 feet below ground surface (bgs)]



Date: 02/03/05

Figure 
Number:
Project
Number:

RCRA Corrective Measures Study
Response to Comments

W.G. Krummrich Facility
Sauget, Illinois

21561388.00000

2.2

Plan View

<1 ppm

1 to 10 ppm

10 to 100 ppm

100 to 250 ppm

250 to 500 ppm

>500 ppm

100’0’

FEETSCALE

PCB Distribution in Former PCB Manufacturing Area 
Unsaturated Soils (0-15 feet bgs)



Date: 02/03/05

Figure 
Number:
Project
Number:

RCRA Corrective Measures Study
Response to Comments

W.G. Krummrich Facility
Sauget, Illinois

21561388.00000

3.1

Plan View

<1 ppm

1 to 10 ppm

10 to 100 ppm

100 to 250 ppm

250 to 500 ppm

>500 ppm

MCB Distribution in Unsaturated Soils (0-15 feet bgs)

Former Chlorobenzene Process Area

Former Chlorobenzene Storage Area

North Tank Farm

Pipeline Corridor



Date: 02/03/05

Figure 
Number:
Project
Number:

RCRA Corrective Measures Study
Response to Comments

W.G. Krummrich Facility
Sauget, Illinois

21561388.00000

DCB Distribution in Unsaturated Soils (0-15 feet bgs)

3.2

Plan View

<1 ppm

1 to 10 ppm

10 to 100 ppm

100 to 250 ppm

250 to 500 ppm

>500 ppm

Former Chlorobenzene Process Area

North Tank Farm

Former Chlorobenzene Storage Area

Pipeline Corridor



Date: 02/03/05

Figure 
Number:
Project
Number:

RCRA Corrective Measures Study
Response to Comments

W.G. Krummrich Facility
Sauget, Illinois

21561388.00000

3.3

Plan View

<1 ppm

1 to 10 ppm

10 to 100 ppm

100 to 250 ppm

250 to 500 ppm

>500 ppm

100’0’

FEETSCALE

MCB Distribution in Former Chlorobenzene Process Area 
Unsaturated Soils (0-15 feet bgs)



Date: 02/03/05

Figure 
Number:
Project
Number:

RCRA Corrective Measures Study
Response to Comments

W.G. Krummrich Facility
Sauget, Illinois

21561388.00000

3.4

Plan View

<1 ppm

1 to 10 ppm

10 to 100 ppm

100 to 250 ppm

250 to 500 ppm

>500 ppm

100’0’

FEETSCALE

DCB Distribution in Former Chlorobenzene Process Area 
Unsaturated Soils (0-15 feet bgs)



Date: 02/03/05

Figure 
Number:
Project
Number:

RCRA Corrective Measures Study
Response to Comments

W.G. Krummrich Facility
Sauget, Illinois

21561388.00000

Oblique View – Looking 15º Northeast

4.1

MCB Distribution (>100 ppm) in Soils (DNAPL)

Former Chlorobenzene Process Area



Date: 02/03/05

Figure 
Number:
Project
Number:

RCRA Corrective Measures Study
Response to Comments

W.G. Krummrich Facility
Sauget, Illinois

21561388.00000

Oblique View – Looking 15º Northeast

4.2

DCB Distribution (>100 ppm) in Soils (DNAPL)

Former Chlorobenzene Process Area







Response to Comments 
RCRA Corrective Measures Study 
W.G. Krummrich Facility, Sauget, Illinois TABLES 
  

   
February 9, 2005   
   
 P:\Environmental\21561388 (Solutia Krummrich CMS)\CMS Report Comments\CMS Response to Comments document\KR020905 - CMS R to C (final).doc 

 

 

 

 

 

 

TABLES



TABLE 2.1 
PCB MASS AND VOLUME IN UNSATURATED SOILS

(0-15 FT BGS)

Volume (Cubic Yards) Mass (Kilograms) Volume (Cubic Yards) Mass (Kilograms)
PCB - Plant Process Area
>1ppm 250,710                       354,610,000          12.693 13550
>10ppm 84,522                         119,550,000          11.907 12711
>100ppm 20,833                         29,467,000            8.9988 9606.6
>250ppm 10,142                         14,345,000            6.6683 7118.8
>500ppm 4,585                           6,485,300              4.134 4413.3
PCB - Former PCB Manufacturing Area
>1ppm 24,055                         34,024,000            4.1941 4477.5
>10ppm 14,939                         21,131,000            4.1066 4384
>100ppm 6,790                           9,603,300              3.5205 3758.3
>250ppm 4,039                           5,712,500              2.8124 3002.4
>500ppm 2,208                           3,123,200              1.9868 2121
Note: ft bgs = feet below ground surface.

Soil Chemical
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Note: 
DCB = 2-,2’-dichlorobiphenyl; HCB = 2-,3-,4-,2’-3’-4’-hexachlorobiphenyl; PCBs = polychlorinated biphenyls; KMnO4 = potassium permanganate 

TABLE 2.2 
KEY FINDINGS OF IN-SITU PCB TREATABILITY STUDIES 

 
Solutia Inc., W.G. Krummrich Facility 

Sauget, Illinois 

Reference 
Treatment 

Scale 
Constituent(s

) 

Initial 
Conc. 

(mg/kg) 
Conc. 

Reduction 
Treatment 
Duration Comments 

Chemical Oxidation  

Cassidy et 
al., 2002 

Bench 2-,2’-DCB 
HCB 

1,000 
1,000 

Chemox: 
DCB = 99% 
HCB = 95% 
 
Ozone: 
DCB = 97% 
HCB = 92% 

30 days • Two oxidants tested: Chemox and ozone 
gas 

• Chemox is a solid phase oxidant that 
requires mixing with affected soil 

• Ozone sparged continuously at a fixed 
concentration of 0.5% (v/v) 

• Final DCB and HCB concentrations were 
20 to 40 mg/kg  

Balba et al., 
2002 

Bench PCBs 202 – 239  79% 1 week • KMnO4 used in conjunction with ultrasound  
• KMnO4 resulted in 69% reduction in PCB, 

and ultrasound increased percentage 
removal to 79% 

• Technology not implemented for field 
testing due low mass removal    

Thermal Treatment 
Vinegar et 
al., 1997 

Pilot PCBs 19,900 100% 42 days • In-situ thermal desorption (ISTD) 
• Temperatures above 1000 F achieved 

within the treatment zone 
• Post-treatment concentrations of all 

constituents were below 1 mg/kg 
 

 



TABLE 3.1 
MCB AND DCB MASS AND VOLUME IN UNSATURATED SOILS

(0-15 FT BGS)

Volume (Cubic Yards) Mass (Kilograms) Volume (Cubic Yards) Mass (Kilograms)
MCB - Plant Process Area
>1ppm 152,630                       215,880,000          21.584 18262
>10ppm 61,556                         87,066,000            20.962 17735
>100ppm 24,540                         34,709,000            18.215 15411
>250ppm 14,777                         20,901,000            15.428 13053
>500ppm 9,479                           13,407,000            12.288 10396
MCB - Former Chlorobenzene Process Area
>1ppm 68,293                         96,595,000            13.632 11534
>10ppm 32,803                         46,397,000            13.404 11340
>100ppm 14,719                         20,819,000            12.156 10285
>250ppm 9,497                           13,432,000            10.647 9007.9
>500ppm 6,388                           9,034,700              8.7048 7364.8
DCB - Plant Process Area
>1ppm 63,500                         89,817,000            9.4896 9276.7
>10ppm 32,471                         45,927,000            9.2645 9056.6
>100ppm 12,468                         17,635,000            8.1886 8004.9
>250ppm 7,956                           11,253,000            7.0928 6933.7
>500ppm 4,885                           6,909,600              5.4836 5360.5
DCB - Former Chlorobenzene Process Area
>1ppm 53,507                         75,681,000            9.2821 9073.8
>10ppm 29,189                         41,286,000            9.1042 8899.9
>100ppm 12,132                         17,160,000            8.1418 7959.1
>250ppm 7,935                           11,224,000            7.0891 6930
>500ppm 4,885                           6,909,500              5.4836 5360.5
Note: ft bgs = feet below ground surface.

Soil Chemical
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Note: 
MCB = monochlorobenzene; DCB = dichlorobenzene; KMnO4 = potassium permanganate 

TABLE 3.2 
KEY FINDINGS OF IN-SITU MCB/DCB TREATABILITY STUDIES 

 

Solutia Inc., W.G. Krummrich Facility 
Sauget, Illinois 

Reference 
Treatment 

Scale Constituent(s) 
Initial Conc. 

(mg/kg) 
Conc. 

Reduction 
Treatment 
Duration Comments 

Chemical Oxidation  
Horst et al., 
2002 

Bench MCB 
1,2-DCB 

34,333 
30,333  

99.9% 
99.5% 

Not reported • KMnO4 as oxidant 
• Pilot-scale field testing indicated KMnO4 

was unable to sustain reaction with the 
target compounds 

Thermal Treatment 
Baker et al., 
2002 

Bench MCB 
1,2-DCB 
1,3-DCB 
1,4-DCB 

32 
140 
6.6 
65 
 

99.8% 
97.2% 
97.3% 
94.8% 

3 days • In-situ thermal desorption (ISTD) 
technology  

• Tests carried out in 55-gallon drums 
filled with excavated soil 

• Results indicated ISTD is a viable 
remedial approach for remediation of 
MCB and DCBs 
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Note: 
MCB = monochlorobenzene; DCB = dichlorobenzene; NA = not applicable  

TABLE 4.1 
REVIEW OF MCB/DCB DNAPL TREATMENTS 

IN THE SATURATED ZONE 
 

Solutia Inc., W.G. Krummrich Facility 
Sauget, Illinois 

Reference Treatment 
Scale 

Constituent(s) Initial Conc. 
(mg/L) 

Conc. 
Reduction 

Treatment 
Duration 

Comments 

Surfactant Flushing 
McCray et al., 
2000 
 

Bench  MCB 
1,2-DCB  
1,4-DCB 

NA Simulated 
removal due 
to surfactant 
>55% for 1,2-
DCB  
 

NA • 900-3200% increase in solubility observed in 
presence of 10% surfactant (cyclodextrin, 
HPCD). 

• Simulated reduction in remediation timeframe for 
1,2-DCB = >97% (from 1409 days during water 
flushing to 48 days using cyclodextrin enhanced 
flushing) 

Ramsburg and 
Pennell, 2002  
 

Bench  MCB NA 90% DNAPL 
recovery 

1.2 pore 
volumes n-
butanol; 1.2 
pore volumes 
surfactant; 
and 1 pore 
volume H2O  

• Density Modified Displacement  (DMD) 
technology used in conjunction with surfactant 
flushing 

• DMD converts DNAPL to LNAPL via alcohol 
injection to enhance recovery 

• 2-D aquifer cells flushed with aqueous solution 
(containing CB, surfactant Aerosol MA-80I or 
Aerosol OT and 6% n-butanol) 

Chemical Oxidation  
Horst et al., 2002 Bench MCB 

1,2-DCB 
61.67  
32.67  

99.4% 
99.9% 

Not reported • Column studies containing soil spiked with MCB 
and DCB 

• After equilibration, 1.89% KMnO4 solution was 
re-circulated in column 

• Oxidant Demand Estimates: (not taking into 
account matrix demand) 
à 35lb KMnO4 to oxidize 1 lb MCB  
à 54 lbs KMnO4 to oxidize 1 lb DCB 

Horst et al., 2002 
 
  

Pilot MCB 
1,2-DCB 

68  
20 

75 – 92%  
~84% 

12 weeks • 10 injection events over a period of 12 weeks 
resulting in a total of 1540 lb (6000 gal) 
permanganate solution (3%).  
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TABLE 4.1 
REVIEW OF MCB/DCB DNAPL TREATMENTS 

IN THE SATURATED ZONE 
 

Solutia Inc., W.G. Krummrich Facility 
Sauget, Illinois 

Reference Treatment 
Scale 

Constituent(s) Initial Conc. 
(mg/L) 

Conc. 
Reduction 

Treatment 
Duration 

Comments 

 • No apparent effect on permeability of soil due to 
precipitation of KMnO4 

• Target compound concentrations stable in some 
wells but fluctuated in others suggesting that the 
ability of permanganate to sufficiently react with 
target compounds was limited 

Schaal, 2002  
 

Bench 1,2-DCB 2.50  97% 
>98% 

20 minutes 
60 minutes 

• Ozone gas flow rate – 0.12 scfm  
• Ozone gas flow rate – 0.09 scfm 
• Ozone concentration = 1.2% (w/w) 

Sedlak and 
Andren, 1991 
 

Bench MCB 0.16  >99 1 hour • Evaluated formation of intermediates during the 
oxidation of chlorobenzene with Fenton’s 
Reagent 

• In absence of oxygen, intermediate products of 
chemical oxidation are dichlorobiphenyls, 
chlorophenols, and phenolic polymers  

• In aerobic environments, production of hyperoxy 
radicals lead to further oxidation of intermediates 

• At pH=3:  5 mol of H2O2/mol MCB was required 
to oxidize all aromatic intermediates  
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TABLE 4.1 
REVIEW OF MCB/DCB DNAPL TREATMENTS 

IN THE SATURATED ZONE 
 

Solutia Inc., W.G. Krummrich Facility 
Sauget, Illinois 

Reference Treatment 
Scale 

Constituent(s) Initial Conc. 
(mg/L) 

Conc. 
Reduction 

Treatment 
Duration 

Comments 

Williamson,  et 
al., 2004  

Field CB  
DCBs  
 

> 10 mg/L 
 
 

 
 
 
 
 
Phase 1: 
àminimal 
change  
 
Phase 2: 
à56% 
reduction 
 
Phase 3: 
à 82% 
reduction 
 
à 54% 
reduction after 
3 months of 
post-treatment 
monitoring. 

 • Groundwater contaminated from 5 to 15 ft below 
ground surface 

• Goal = 90% reduction of dissolved phase 
concentration 

 
Phase 1:  
• 11 injectors at 2 elevations with 3 ft screens 
• 32,600 lbs of 50% H2O2 injected 
 
Phase 2: 
• 28 additional injectors 
• 50,000 lbs of 50% H2O2 injected 
 
Phase 3: 
• 6 additional injectors 
• 31,000 lbs of H2O2 injected 
 
• Rebound in source area wells 
 
• Additional treatment (aerobic biostimulation) in 

process of being implemented 

ISOTEC, Former 
DOD Facility, NY 

Field  CB 
1,4-DCB  
1,2-DCB 
1,3-DCB 

1.33  
0.11  
0.094  
0.05  
 

80.2% 
76.9% 
87.6% 
74.1% 

14 months • 2 injections of ISOTECSM modified Fenton 
Reagent (Day 0 and after 13 months) 
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TABLE 4.1 
REVIEW OF MCB/DCB DNAPL TREATMENTS 

IN THE SATURATED ZONE 
 

Solutia Inc., W.G. Krummrich Facility 
Sauget, Illinois 

Reference Treatment 
Scale 

Constituent(s) Initial Conc. 
(mg/L) 

Conc. 
Reduction 

Treatment 
Duration 

Comments 

ISOTEC, Quarry 
Facility, NJ 

Pilot  1,2-DCB 
1,4-DCB  
 
 

3.847 
0.489 

98.1% 
98.0% 

4.5 months • Fractured bedrock underlying glacial overburden 
of 9-20 ft thick; water table approx. 20-25 ft bgs 
within the bedrock. 

• Cost <$100,000 
 

Thermal Treatment  

• No thermal demonstrations for treatment of MCB/DCB in the saturated zone found in literature 

Enhanced Aerobic Bioremediation 
Nielsen and 
Christensen, 
1994 

Bench 1,2-DCB 
1,4-DCB 

0.119 
0.120 

81.0% 
78.3% 

149 days • Study confirmed aerobic biodegradation of 
DCBs 

• Tests performed in 2.5-L bottles with site soil 
and groundwater 

• Oxygen added by air sparging 
• Oxygen concentration maintained at ~9 mg/L by 

periodic air injection   
Herrington et al., 
2000 

Bench MCB 5.6 87.5% 7 days • Column studies using site solids and 
groundwater 

• Results demonstrated ability of native bacteria to 
degrade MCB to concentrations below 0.1 mg/L 

• Influent reservoir oxygenated via air sparging  
Hicks et al., 1999 Pilot MCB  

(Note:  mixed 
contaminant 
plume; MCB not 
primary 

0.76 63.5% 6 months • In-situ aerobic bioremediation pilot-test 
• Oxygen Release Compound (ORC) used to 

generate oxygen 
• Single injection of ORC was performed and 

groundwater concentrations were monitored for 
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TABLE 4.1 
REVIEW OF MCB/DCB DNAPL TREATMENTS 

IN THE SATURATED ZONE 
 

Solutia Inc., W.G. Krummrich Facility 
Sauget, Illinois 

Reference Treatment 
Scale 

Constituent(s) Initial Conc. 
(mg/L) 

Conc. 
Reduction 

Treatment 
Duration 

Comments 

constituent) six months 
• Full-scale application of enhanced aerobic 

bioremediation using ORC planned   
Vogt et al., 2004 Bench/Pilot MCB 14.5 to 22.5 100% 2 years • 12 m long reactor filled with aquifer sediment 

and fed with site groundwater 
• Demonstrated oxygen was only limiting factor for 

in-situ aerobic bioremediation 
• Oxygen produced by injection of hydrogen 

peroxide at the bottom of the reactor 
• No chemical oxidation of MCB from hydrogen 

peroxide 
• Oxygen quickly consumed 
• Samples from bottom of reactor did not contain 

measurable MCB 
• MCB concentrations increased along the length 

of the reactor due to desorption from sediment 
material 

 



TABLE 6.1
MONITORING WELL SCREEN DEPTHS

Monitoring 
Well No. Monitoring Area

Monitoring Well 
Screen Elevation

Monitoring 
Well No. Monitoring Area

Monitoring Well 
Screen Elevation

# 1 Upgradient 330 - 335 feet # 10 Northern Plume Area 270 - 275 feet
# 2 Plant Process Area 345 - 350 feet # 11 Northern Plume Area 270 - 275 feet
# 3 Plant Process Area 330 - 335 feet # 12 Northern Plume Area 270 - 275 feet
# 4 Plant Process Area 270 - 275 feet # 13 Southern Plume Area 290 - 295 feet
# 5 Plant Process Area 270 - 275 feet # 14 Northern Plume Area 270 - 275 feet
# 6 Northern Plume Area 270 - 275 feet # 15 Northern Plume Area 270 - 275 feet
# 7 Northern Plume Area 270 - 275 feet # 16 Northern Plume Area 270 - 275 feet
# 8 Northern Plume Area 305 - 310 feet #17 Southern Plume Area 285 - 290 feet
# 9 Southern Plume Area 290- 295 feet

Note:  The well screen will be positioned to straddle the highest MCB or DCB concentration, modeled using 
          EVS and the existing data set. 
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TABLE 6.2  
GROUNDWATER MONITORING PARAMETERS 

 
 

Constituent Method Data Use1 Interpretation1 

Organic Parameters 
Chlorobenzene 8260B Primary constituent of 

concern (COC), determine 
trends vs time and distance 

Decreasing concentration 
indicates attenuation 

1,2-Dichlorobenzene 8270C or 
8260B 

Primary COC, determine 
trends vs time and distance 

Decreasing concentration 
indicates attenuation 

1,3-Dichlorobenzene 8270C or 
8260B 

Primary COC, determine 
trends vs time and distance 

Decreasing concentration 
indicates attenuation 

1,4-Dichlorobenzene 8270C or 
8260B 

Primary COC, determine 
trends vs time and distance 

Decreasing concentration 
indicates attenuation 

PCBs 8082 COC in Former PCB 
Manufacturing Area 

Source area data 

Geochemical Parameters 
Alkalinity 310.1 Measure buffering capacity 

of groundwater 
Elevated levels indicate 
stable pH 

Carbon dioxide 4500 Final product of organic 
carbon mineralization 

Elevated levels indicate 
mineralization 

Chloride  Final product of MCB/DCB 
mineralization 

Elevated levels indicate 
mineralization of CBs 

Iron II (dissolved) 3500 Indicator of anaerobic 
biological activity 

Elevated levels indicate 
reduction of Fe(III) 

Methane AR30 Indicator of anaerobic 
biological activity 

Elevated levels indicate 
strong anaerobic 
conditions 

Nitrate 353.2 Indicator of anaerobic 
biological activity 

Low concentrations 
indicate nitrate reduction 

Oxidation-Reduction 
Potential (ORP) 

Field meter Indicator of oxidizing or 
reducing nature of 
groundwater 

Values less than 50mV 
indicative of anaerobic 
biodegradation 

Oxygen Field 
meter/kit 

Indicator of aerobic 
biological activity 

Values less than 1 mg/L 
considered anaerobic 

pH Field meter Verify pH within range of 
biological activity 

Values between 5 and 9 
are optimal 

Sulfate 375.4 Indicator of anaerobic 
biological activity 

Low concentrations 
indicate sulfate reduction 

Total Organic Carbon 9060 Determine the abundance 
of electron donor  

Elevated levels indicate 
available source of carbon 
and energy 

Water Quality Parameters 
Conductivity Field meter Verify samples collected 

from same groundwater 
system 

No affect on MNA 
evaluation 

Temperature Field meter Verify samples collected 
from same groundwater 
system 

Temperatures above 20°C 
may enhance 
biodegradation rates 

 
Note: 

1) Adapted from U.S. EPA, 1998 and Wiedemeier et al., 1999. 
 



TABLE 6.3
GROUNDWATER ELEVATION PIEZOMETER INFORMATION

Top of 
Piezometer 
Elevation 

Total 
Piezometer 

Depth 

Bottom of 
Piezometer 
Elevation 

(ft MSL) (ft btoc) (ft MSL)
GWE-1S SHU 416.54 25.71 390.83 15.71 - 25.71 400.83 - 390.83
GWE-1M DHU 416.26 79.43 336.83 69.43 - 79.43 346.83 - 336.83
GWE-1D DHU 416.39 129.56 286.83 119.56 - 129.56 296.83 - 286.83
GWE-2S SHU 417.48 26.66 390.82 16.66 - 26.66 400.82 - 390.82
GWE-2M DHU 417.57 77.75 339.82 67.75 - 77.75 349.82 - 339.82
GWE-2D DHU 417.56 136.74 280.82 126.74 - 136.74 290.82 - 280.82
GWE-3S SHU 417.8 37.77 380.03 27.77 - 37.77 390.03 - 380.03
GWE-3M DHU 417.84 78.31 339.53 68.31 - 78.31 349.53 - 339.53
GWE-3D DHU 417.66 114.63 303.03 104.63 - 114.63 313.03 - 303.03
GWE-4S MHU 406.06 30.59 375.47 20.59 - 30.59 385.47 - 375.47
GWE-4M MHU 405.86 49.76 356.10 43.76 - 49.76 362.10 - 356.10
GWE-4D DHU 405.92 78.11 327.81 72.11 - 78.11 333.81 - 327.81
GWE-5S SHU 408.76 28.75 380.01 18.75 - 28.75 390.01 - 380.01
GWE-5M MHU 408.94 48.41 360.53 42.41 - 48.41 366.53 - 360.53
GWE-5D DHU 409.05 78.93 330.12 72.93 - 78.93 336.12 - 330.12
GWE-6S MHU 415.25 35.52 379.73 25.52 - 35.52 389.73 - 379.73
GWE-6M MHU 415.27 56.26 359.01 50.26 - 56.26 365.01 - 359.01
GWE-6D DHU 415.25 98.18 317.07 92.18 - 98.18 323.07 - 317.07
GWE-7S SHU 411.25 30.60 380.65 20.60 - 30.60 390.65 - 380.65
GWE-7M DHU 411.16 66.51 344.65 60.51 - 66.51 350.65 - 344.65
GWE-7D DHU 411.37 81.78 329.59 75.78 - 81.78 335.59 - 329.59
GWE-8S MHU 421.86 52.78 369.08 42.78 - 52.78 379.08 - 369.08
GWE-8M DHU 422.02 93.94 328.08 83.94 - 93.94 338.08 - 328.08
GWE-8D DHU 422 131.92 290.08 121.92 - 131.92 300.08 - 290.08
GWE-9S SHU 408.62 25.88 382.74 15.88 - 25.88 392.74 - 382.74
GWE-9M DHU 408.49 69.75 338.74 59.75 - 69.75 348.74 - 338.74
GWE-9D DHU 408.61 108.87 299.74 98.87 - 108.87 309.74 - 299.74
GWE-10S SHU 413.76 29.79 383.97 19.79 - 29.79 393.97 - 383.97
GWE-10M DHU 413.62 74.65 338.97 64.65 - 74.65 348.97 - 338.97
GWE-10D DHU 413.7 115.23 298.47 105.23 - 115.23 308.47 - 298.47
GWE-14S MHU 423.06 47.74 375.32 37.74 - 47.74 385.32 - 375.32
GWE-14M MHU 423.09 51.11 371.98 45.11 - 51.11 377.98 - 371.98
GWE-14D DHU 423.15 82.85 340.30 76.85 - 82.85 346.30 - 340.30
GWE-15S MHU 408.76 38.07 370.69 32.07 - 38.07 376.69 - 370.69
GWE-15M MHU 409.22 47.41 361.81 41.41 - 47.41 367.81 - 361.81
GWE-15D DHU 409.08 81.89 327.19 75.89 - 81.89 333.19 - 327.19
GWE-22S SHU 417.02 27.60 389.42 17.60 - 27.60 399.42 - 389.42
GWE-22M DHU 417.10 75.18 341.92 65.18 - 75.18 351.92 - 341.92
GWE-22D DHU 417.02 117.60 299.42 107.60 - 117.60 309.42 - 299.42
GWE-23S SHU 403.82 21.85 381.97 11.85 - 21.85 391.97 - 381.97
GWE-23M DHU 403.84 68.87 334.97 58.87 - 68.87 344.97 - 334.97
GWE-23D DHU 403.81 110.84 292.97 100.84 - 110.84 302.97 - 292.97
GWE-24S SHU 402.75 18.75 384.00 8.75 - 18.75 394.00 - 384.00
GWE-24M DHU 402.82 64.32 338.50 54.32 - 64.32 348.50 - 338.50
GWE-24D DHU 402.71 104.71 298.00 94.71 - 104.71 308.00 - 298.00
Notes:
1) MSL = Mean Sea Level
2) btoc = below top of casing

4) The Screened Hydrostratigraphic Unit is based on the Bottom of Piezometer Evaluation (BPE).  SHU indicates a BPE between 395 to 380 
feet MSL.  MHU indicates a BPE between 380 to 350 feet MSL.  DHU indicates a BPE less than 350 feet MSL.

3) Piezometer construction information was not currently available for GWE-11, GWE-12, GWE-13, GWE-16, GWE-17, GWE-18, GWE-19, 
GWE-20, and GWE-21.

Screened Interval 
Elevation 

(ft MSL)

Screened Interval Depth

(ft btoc)

Piezometer ID
Screened 

Hydrostratigraphic 
Unit
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COMPARATIVE STUDY OF CHEMICAL OXIDATION AND
BIODEGRADATION OF PCBs IN SEDIMENTS

Daniel Cassidy, Duane Hampton, and Steve Kohler
(Western Michigan University, Kalamazoo, MI, USA)

H. Eric Nuttall (University of New Mexico, Albuquerque, NM , USA)
William L. Lundy (billlundy@msn.com), (BMS, Inc., Tinley Park, IL, USA)

ABSTRACT: Laboratory experiments were done to test the feasibility of ozone and a
newly developed solid chemical oxidation reagent (chemox) to oxidize PCBs in
sediments, and to determine the nature and biodegradability of the oxidation products.
Two PCBs were tested; 2-,2’-dichlorobiphenyl (DCB) and 2-,3-,4-,2’-,3’-,4’-
hexachlorobiphenyl (HCB). DCB and HCB were allowed to adsorb onto kaolinite.
Concentrations of PCBs, Cl-, and chemical oxygen demand (COD) were measured during
30 days of oxidation with ozone and a newly developed solid chemical oxidation reagent
(chemox). Gas chromatography/mass spectrometry (GC/MS) was used to identify the
organic acids produced from reaction of both oxidants with DCB and HCB. After
chemical oxidation, the liquid was treated for 20 days in bioreactors with inoculum from
a domestic wastewater treatment plant. A newly developed solid chemical oxidation
reagent (chemox) removed 99% of DCB and 95% of HCB. Removal of DCB and HCB
with ozone was 97% and 92%, respectively. Oxidation products were identical with both
oxidants. Formic and oxalic acid were oxidation products of both PCBs. Specific
oxidation products of DCB and HCB were 2-hydroxybenzoic acid and 2,3,4-
trihydroxybenzoic acid, respectively. The results show that ozone and a newly developed
solid chemical oxidation reagent (chemox) caused ring cleavage of PCBs and quantitative
removal of Cl. In excess of 93% of the soluble COD remaining after chemical oxidation
with both oxidants was biodegradable within 20 days.

INTRODUCTION
Remediation of sediments contaminated with polychlorinated biphenyls (PCBs) is

among the more intractable environmental problems. Dredging is the most common
remedial method, but is problematic because it suspends sediments in the water column
and cannot remove all of the sediments. For example, two years after dredging 147,000
cubic meters of sediment in Lake Jarnsjon, Sweden, the PCB concentration in one-year
old fish was twice the pre-remediation value (Bremle, 1997). Post-dredging PCB levels in
carp at Waukegan Harbor, Illinois, were five times greater than pre-remediation values
(U.S. EPA, 1994). Moreover, the two most common disposal methods for PCB-
contaminated sediments, landfilling and incineration, pose tremendous permitting
problems and are very expensive. Maintenance dredging is required in many waterways,
and if dredged material is contaminated a suitable ex situ remediation strategy is needed.
One approach is a to combine of chemical and biological oxidation of contaminants.

Fenton’s reagent, a commonly used oxidant consisting of H2O2 and Fe2+,
produces free radicals that oxidize organic compounds. Aronstein and Rice (1995)
reported that adding Fenton’s reagent to PCB-contaminated soil increased the overall



extent of PCB biodegradation by over 7 times relative to not adding the oxidant.
However, there are several problems associated with Fenton’s reagent. It works best at a
pH below 3 (Carberry and Yang, 1994), which would require subsequent pH adjustment
to encourage biological activity. Fenton’s reagent also releases considerable heat upon
reaction, which can volatilize contaminants and kill biota. A newly developed solid
chemical oxidation reagent (chemox) uses Fenton-like chemistry but contains proprietary
stabilizers that reduce the exothermic nature of the reactions, allow it to work at pH
values between 7 and 8, and increase the residence time of the oxidant. A newly
developed solid chemical oxidation reagent (chemox) can be added in dissolved or solid
form, and has been shown to be effective at oxidizing chlorinated solvents (Nauta and
Lundy, 1999) and pesticides (Holish, Lundy and Nuttall, 2000).

Ozone produces hydroxyl free radicals, but does so at a neutral pH and without
releasing heat to a degree that interferes with biological activity (Narkis and Schneider-
Rotel, 1980). Ozone also dissolves readily in water (ozone is 13 times more soluble than
oxygen). Ozone sparging has proven effective at oxidizing polycyclic aromatic
hydrocarbons (PAH) in sediments (Clayton, 1998; Brown et al., 1997; Nelson et al.,
1997). Ozone increased the biodegradability of heavily chlorinated guaiacol (2-methoxy
phenol) 10 times by replacing chlorine atoms with hydroxyl groups (Heinzle et al., 1995).

The goals of this study were to test the effectiveness of ozone and a newly
developed solid chemical oxidation reagent (chemox) as chemical oxidants of PCBs, and
to characterize the oxidation products and their potential to be degraded by common
environmental microorganisms.

MATERIALS AND METHODS

Materials. All chemicals were obtained from Aldrich (Milwaukee, Wisconsin), except a
newly developed solid chemical oxidation reagent (chemox), which was obtained from
BMS, Incorporated (Tinley Park, Illinois). The concentration of hydrogen peroxide in the
a newly developed solid chemical oxidation reagent (chemox) formulation was 28.5%.
Kaolinite was obtained from Fisher Scientific (Chicago, Illinois).

Slurry Preparation. Separate kaolinite slurries were spiked with DCB and HCB (1000
mg/kg) and were mixed for 4 months to promote adsorption. Slurries were then thickened
a solids concentration of approximately 1800 kg/m3.

Oxidation Reactors.  The triplicate ozone reactors consisted of 1.5 L glass columns with
1 L of thickened slurry and fritted-glass openings at the bottom to allow gas sparging
upward through the sediment. Control reactors were sparged continuously with
laboratory air. Ozone reactors were sparged continuously with a laboratory ozone
generator (Ozone Services Model OL-100, Burton, British Columbia, Canada), supplying
ozone at a fixed concentration of 0.5% (v/v). The triplicate reactors were maintained at
20oC. For a newly developed solid chemical oxidation reagent (chemox) tests, a newly
developed solid chemical oxidation reagent (chemox) was placed in the slurry at a mass
ratio of 1:10 (a newly developed solid chemical oxidation reagent (chemox)/soil). A
newly developed solid chemical oxidation reagent (chemox) was mixed into the slurry by
sparging with nitrogen gas for an hour every 5 days. A newly developed solid chemical



oxidation reagent (chemox) control reactors received no a newly developed solid
chemical oxidation reagent (chemox). Effluent gas was passed through activated carbon
to quantify stripping of DCB and HCB. The reactors were buffered at a pH 8. Samples
were taken as described by Cassidy et al. (2002).

Bioreactors. After 30 days of chemical oxidation, the remaining contents from each
reactor were separated from the solids by centrifuging. The liquid fraction (approximately
200 mL) was placed in closed, 500 mL glass bottles. Nitrogen and phosphorus were
added to the ozone-treated liquid but not to the newly developed solid chemical oxidation
reagent (chemox)-treated liquid, since a newly developed solid chemical oxidation
reagent (chemox) contains these nutrients in its formulation. Inoculum (20 mL) from the
aeration tank of a domestic WWTP was added to the active reactors and the controls
received none.  All bottles were attached to a Hach BODTrak® to monitor O2
consumption.  Periodically, pH was measured with a probe and samples were taken to
measure COD.

Analytical Methods.  DCB and HCB were quantified with gas chromatography with
electron capture detection (GC/ECD), organic acids were quantified with GC/mass
spectrometry (GC/MS), and Cl- was quantified with ion chromatography (IC), as
described in detail by Cassidy et al. (2002).

RESULTS AND DISCUSSION
Figures 1 through 3 show time profiles of removal of DCB and HCB from a

newly developed solid chemical oxidation reagent (chemox) treatment, accompanying
production of COD and Cl-, and biodegradation of the residual COD. Error bars show
standard deviation. Similar time profiles were obtained for ozone treatment (Cassidy et
al., 2002). Reactors without a newly developed solid chemical oxidation reagent
(chemox) maintained their initial DCB and HCB levels of 1000 mg/kg throughout the 30-
day period, showing no measurable PCB removal (Figure 1). In contrast, both DCB and
HCB showed a considerable decrease in concentration in the reactors sparged with a
newly developed solid chemical oxidation reagent (chemox). Final concentrations of
DCB and HCB were approximately 20 mg/kg and 40 mg/kg, respectively. The results
from Figure 1 show that the loss of DCB and HCB in the reactors was due to reaction
with a newly developed solid chemical oxidation reagent (chemox). No stripping of DCB
or HCB was observed, which is consistent with the low volatility of PCBs.

Figure 2 shows the production of soluble COD and Cl- resulting from the reaction
of DCB and HCB with a newly developed solid chemical oxidation reagent (chemox).
The increase in COD with time observed with a newly developed solid chemical
oxidation reagent (chemox) treatment represents a conversion of DCB and HCB to
soluble organic compounds due to reaction with a newly developed solid chemical
oxidation reagent (chemox). Aronstein and Rice (1995) reported the production of soluble
products from ozone treatment of PCBs in sediments, but they did not identify the
products. COD reached peak values between days 14 and 16 of near 9000 mg/L for DCB
and over 5000 mg/L for HCB. The decrease in COD during the last 14 days indicates that
the constituents of the soluble COD were being further oxidized at a greater rate than they
were being replenished by oxidation of remaining DCB and HCB.  Formate and oxalate



were products of oxidation of DCB and HCB with ozone and a newly developed solid
chemical oxidation reagent (chemox). Specific oxidation products of DCB and HCB were
2-hydroxybenzoic acid and 2,3,4-trihydroxybenzoic acid, respectively, showing that ring
cleavage of the PCBs occurred. Concentrations of Cl- increased steadily during a newly
developed solid chemical oxidation reagent (chemox) treatment, indicating that Cl atoms
were removed from DCB and HCB. Dechlorination increases the aerobic
biodegradability and decreases the toxicity of PCBs. (Abramowicz, 1990). Heinzle et al.
(1995) reported release of Cl- from chlorinated guaiacols with Fenton’s reagent.

FIGURE 1. DCB and HCB removal with time during a newly developed
solid chemical oxidation reagent (chemox) treatment.

FIGURE 2. Production of COD and Cl- with time during a newly
developed solid chemical oxidation reagent (chemox) treatment. No COD or

Cl- was measured in reactors without a newly developed solid chemical
oxidation reagent (chemox) (data not shown).
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FIGURE 3. Biodegradation of residual COD from a newly developed
solid chemical oxidation reagent (chemox) treatment of PCBs.

Figure 3 shows the removal of residual COD from a newly developed solid
chemical oxidation reagent (chemox) treatment via biodegradation. Control reactors
showed no decrease in COD in the bioreactors, indicating that no measurable
biodegradation took place. In contrast, active bioreactors showed a considerable decrease
in COD during 2 days. Since the bioreactors were closed, except when sampling took
place, the observed COD removal cannot be attributed to stripping. Moreover, oxygen
consumption (data not shown) was nearly identical to COD removal. These results show
that the partial oxidation products from a newly developed solid chemical oxidation
reagent (chemox) treatment of DCB and HCB were readily biodegradable under aerobic
conditions by common environmental microorganisms. This is not surprising, since all
the organic acids positively and tentatively identified with GC/MS are known to be
readily biodegradable.

Ozone and a newly developed solid chemical oxidation reagent (chemox)
treatment followed by biodegradation of the residual COD is compared in Table 1.
Treatment with both oxidants resulted in greater than 90% removal of both DCB and
HCB. Chemical oxidation was somewhat greater with a newly developed solid chemical
oxidation reagent (chemox) than with ozone, and was more effective on DCB than on
HCB. Measured release of Cl- from treatment with ozone and a newly developed solid
chemical oxidation reagent (chemox) was nearly identical to the percent removal of DCB
and HCB. Moreover, the molar ratio of Cl- released to DCB and HCB removed was
approximately equal to the number of moles of Cl on the respective PCB (i.e., 2 Cl
replaced per mole of DCB, and 6 Cl replaced per mole of HCB). The results show that Cl
removal was stoichiometric. The oxidation products formed indicate that Cl atoms on the
PCBs were replaced with OH groups. The ozone dose was approximately 19 g and 30 g
per g of DCB and HCB, respectively. Dose was not measured for a newly developed
solid chemical oxidation reagent (chemox) because there was no way to measure reactant
concentrations, as they are proprietary. Microbes from a WWTP were able to degrade
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more than 90% of the residual COD from treatment with ozone and a newly developed
solid chemical oxidation reagent (chemox), though values were higher for a newly
developed solid chemical oxidation reagent (chemox) treatment.

The effect of native organic matter (NOM) on ozone doses for oxidation of DCB
and HCB and is reported by Cassidy et al. (2002). Ozone doses increased approximately
15 times in the presence of 2% NOM relative to the NOM-free kaolinite. NOM
scavenges all chemical oxidants, and would be expected to increase doses of a newly
developed solid chemical oxidation reagent (chemox) required to achieve PCB oxidation
by a similar degree.

TABLE 1. Summary of results for 30 days of treatment of
dichlorobiphenyl (DCB) and hexachlorobiphenyl (HCB) adsorbed to
kaolinite with ozone and a newly developed solid chemical oxidation

reagent (chemox), followed by 20 days of biodegradation.
Parameter Ozone BIOX®

Dichlorobiphenyl (DCB)
DCB Removed with Oxidants (%) 97 ± 4 (9)a 99 ± 4 (9)

Cl- Released with Oxidants (%) 95 ± 3 (9) 97 ± 5 (9)
Cl- Released/DCB Removed (mol/mol) 1.9 ± 0.5 (43) 2.1 ± 0.7 (38)

Oxidant Dose (g oxidant/g DCB removed) 18.6 ± 2.7 (43) NMb

COD Removed by Biodegradation (%) 92 ± 5 (9) 97 ± 4 (9)
Hexachlorobiphenyl (HCB)

HCB Removed with Oxidants (%) 92 ± 6 (9) 95 ± 5 (9)
Cl- Released with Oxidants (%) 93 ± 4 (9) 96 ± 7 (9)

Cl- Released/HCB Removed (mol/mol) 6.2 ± 0.9 (43) 6.1 ± 0.7 (43)
Oxidant Dose (g oxidant/g HCB removed) 30.0 ± 3.9 (43) NM

COD Removed by Biodegradation (%) 91 ± 4 (9) 98 ± 3 (9)
a average ± standard deviation (number of measurements).
b NM=not measured, because the reactants in a newly developed solid chemical
oxidation reagent (chemox) are proprietary.

CONCLUSIONS
The following conclusions can be drawn from the experimental data:
1. Ozone and a newly developed solid chemical oxidation reagent (chemox)

effectively oxidize PCBs in sediments and soils.
2. Reaction of PCBs with ozone and a newly developed solid chemical oxidation

reagent (chemox) results in replacement of Cl atoms with OH groups, causes
ring cleavage, and produces formic, oxalic and hydroxylated benzoic acids.

3. The residual organic carbon that accumulates in the aqueous phase from
ozone and a newly developed solid chemical oxidation reagent (chemox)
treatment of PCBs is readily biodegradable by common microorganisms.
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SOIL REMEDIATION BY POTASSIUM PERMANGANATE: BENCH-SCALE
TO FIELD APPLICATION

M. T. Balba, F. Blickle, D. Coons, G. Hotchkiss, C. Lin, and A.F. Weston
(Conestoga-Rovers & Associates, Niagara Falls, New York and Detroit, Michigan)

ABSTRACT:  The soil at a former manufacturing plant in Indiana had been impacted
with elevated concentrations of trichloroethene (TCE).  The shallow soils at certain
locations were also impacted with polychlorinated biphenyl compounds (PCBs).
Potential site remediation technologies were reviewed and chemical oxidation was
selected as the most cost-effective alternative.  A bench-scale treatability study was
conducted to assess the effectiveness of potassium permanganate (KMnO4) for the
remediation of the impacted soil.  Ultrasound treatment in conjunction with potassium
permanganate to enhance the oxidation of PCBs in the Site soils was also tested.  The
treatability study results showed that KMnO4 treatment was very effective in reducing
TCE concentrations in soil and up to 95 percent removal was observed.  KMnO4 was also
effective in treating the PCBs in the soil.  The treatment resulted in destroying 69 percent
of the PCBs within a period of one week.  PCBs are extremely hydrophobic and tend to
adsorb tightly to soil particles.  The use of ultrasound in conjunction with chemical
oxidation enhanced the solubilization and degradation by approximately 10 percent.
However, the residual PCB concentrations after the treatment remained above the
cleanup criteria.  Based on these results, chemical oxidation using KMnO4 was selected
for the remediation of TCE-impacted soil.  The PCB-impacted soils were excavated and
disposed of off-Site at a hazardous waste landfill.  The treatment strategy developed in
the laboratory was demonstrated in a pilot test.  Based on the successful results of the
pilot test, full-scale application proceeded and the impacted soil has been successfully
remediated.

INTRODUCTION
Soil at a former manufacturing plant in Indiana had been impacted with elevated

concentrations of TCE and PCBs.  Shallow unsaturated soils contained up to
10,000 mg/Kg of TCE.  PCBs were also detected in the surface soils at several areas of
the Site.

Chemical oxidation was identified as a cost-effective potential remedial
alternative for the TCE-impacted soil at the Site.  Therefore, CRA, Inc. conducted
bench-scale laboratory studies to assess the feasibility potential of using KMnO4 to treat
the contaminants in the soil.

Ultrasound in conjunction with KMnO4 was also tested to improve the
solubilization of PCBs so oxidation by potassium permanganate can be optimized.
Ultrasound is known to affect the physical surface of particles and enhances the
solubilization of hydrophobic chemicals.  Additionally, ultrasound has been shown to
destroy a wide range of compounds (Drijvers et al., 1996; Olson and Barbier, 1994; Hua
et al., 1996).  The formation and collapse of cavitation bubbles, generating extremely
high pressure and temperatures in the center of the cavitation bubbles, is considered the



main mechanism through which chemical reaction occurs in sonochemistry (Lu and
Weavers, 2002.)

BENCH-SCALE TREATABILITY STUDIES

Initial Characterization.  The TCE-impacted soil consisted of primarily sand and silt
with some clay and gravel, while the PCB-impacted soil consisted of primarily sandy
soil.  TCE concentrations in the soil varied between 40 and 51 mg/Kg (wet weight basis).
The soil pH was in the alkali range (7.6-8.9).  Soils impacted with PCBs showed
concentrations between 202-239 mg/kg.

Chemical Oxidation Tests.  Laboratory studies were conducted to assess the feasibility
of chemical oxidation using KMnO4 for the remediation of the TCE, its daughter
compounds, and PCBs in representative soil from the Site.  The effectiveness of using
ultrasound in conjunction with KMnO4 treatment of the PCB-impacted soils was also
tested.

The laboratory studies involved three types of tests:

i) Soil column tests: Intact soil cores were used to conduct column tests to determine
the effect of infiltrating KMnO4 solution by gravity through the soil column.  At
the end of the tests, samples were collected from the columns and analyzed for
TCE.

ii) Batch tests: A series of batch tests was conducted using a homogenized
representative soil sample.  In these tests, the soil samples were placed in glass
jars and mixed with of varying concentrations of KMnO4 solution.  The jars were
sealed, and visual observations of reactivity, changes in color, etc. were made
immediately after the addition of the KMnO4.  The jars were maintained in the
dark at laboratory temperature for two weeks.  At the end of the two-week period,
the soil was analyzed for residual volatile organic compounds (VOCs).

iii) Ultrasound-enhanced chemical oxidation tests: Known concentrations of KMnO4
solutions were mixed with the PCB-impacted soil as described above under (ii).
These tests were conducted with and without ultrasound to examine potential
enhancement affects of ultrasound on the degradation of PCBs.  Each test was
conducted in duplicate in glass centrifuge tubes.  Ultrasound treatment was
applied using a Fisher Model 550 ultrasound apparatus in a pulse mode (a total of
15 pulses; 30 seconds on and 30 seconds off for each pulse) to mix the solution
with the soil.  All samples were maintained for two weeks on a shaker at
laboratory temperature and then analyzed for residual PCBs.

RESULTS AND DISCUSSION
The batch tests results showed that TCE removal correlated with the

concentration of KMnO4; i.e., the higher KMnO4 concentration resulted in higher TCE
removal.  Up to 53 percent of the TCE in the soil microcosm test was removed using a
4 percent solution of KMnO4.  The soil column test also showed that the infiltration of
KMnO4 solution resulted in effective destruction of TCE, suggesting that in situ
treatment would be a feasible option for treatment of subsurface impacted soils.  Based



on the results, it was estimated that the application rate of KMnO4 for full-scale
application would be on average 40 pounds per cubic yard of soil.

The results of the PCB testing indicated that KMnO4 was effective in destroying
the PCBs in the soil.  The use of KMnO4 resulted in 69 percent reduction in PCB
concentrations after one week.  The use of ultrasound in conjunction with potassium
permanganate treatment increased the percentage removal of PCBs to approximately
79 percent.  However, the residual concentrations after treatment remained above the
cleanup criteria.  Therefore, the PCB-impacted soils were excavated and disposed of
off-Site at a hazardous waste landfill.

PILOT TEST
Based on the successful laboratory results, a small-scale field study was

conducted at the Site to assess the effectiveness of KMnO4 treatment for the TCE-
impacted soils under actual field conditions.

The field study was conducted at the Site in two locations where previous soil
sample analytical data reported elevated TCE concentrations.  Two test areas at each
location were subjected to chemical oxidation treatment using KMnO4 solutions.  Each
test area was approximately 4 feet wide by 10 feet long.  At those locations where the
impacted soils were located below the surface, the un-impacted soils were excavated and
stockpiled so that the KMnO4 solution could be directly applied to the impacted soils.
The KMnO4 solution was mixed in a trailer-mounted, 330-gallon container and then
applied to the impacted soils.  The soil and KMnO4 solution was mixed using a standard
excavator with bucket.  The impacted soil was generally treated in 1-foot lifts.

The first test involved applying approximately 120 gallons of a 2 percent KMnO4
solution to the test area to determine if less-concentrated solutions could effectively treat
the TCE-impacted soils.  The soil/solution mixture did not initially solidify, so additional
untreated soil material was incorporated into the mixture until the soils absorbed enough
of the solution to form a thick slurry.  In total, approximately 6 cubic yards of soil were
required to solidify the 120 gallons of solution (i.e., 5 pounds of KMnO4 per cubic yard
of soil).  Because this amount exceeded the soil absorption capacity, subsequent field
tests utilized less water and greater concentrations of KMnO4.

The second test involved applying 50 gallons of a 4 percent solution to the test
area (equivalent to approximately 11 pounds of KMnO4 per cubic yard of soil).  Pre- and
post-treatment soil samples collected during this test indicated a reduction in TCE
concentrations of 83 percent.

The third test involved applying 50 gallons of a 4 percent solution to different soil
types (fill versus native materials).  The fill material quickly absorbed all of the solution,
indicating that additional liquid/solution would be required in order to achieve complete
mixing.  Therefore, 80 gallons of 4 percent solution was applied to a second lift of native
soils (equivalent to 20 pounds of KMnO4 per cubic yard of soil).  Again, the difference in
pre- and post-treatment samples showed an average reduction in TCE concentrations of
90 percent.  However, small clay nodules were identified in the post-treatment slurry,
indicating that longer mixing times or better mixing techniques would be required in
full-scale application.

The fourth test involved applying dry KMnO4 material in addition to the prepared
solution to assess if this combination would increase TCE destruction potential.



Approximately 37 pounds of dry KMnO4 was applied directly onto the impacted soil, and
then approximately 100 gallons of a 4 percent solution was added (equivalent to
46 pounds of KMnO4 per cubic yard of soil).  This combination was not sufficient to
create a well-mixed slurry.

The results of Tests 2, 3, and 4 are summarized in Figure 1 below.
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FIGURE 1.  Reductions in TCE concentrations during pilot test.

CONCLUSIONS
Based on the successful pilot results, the following conclusions and

recommendations from the field study were compiled:

� TCE reduction rates in the field (83 to 90 percent) were consistent with
laboratory results (53 to 95 percent reduction).  The reductions in field were
observed 12 hours after application.

� KMnO4 appeared to successfully reduce concentrations of TCE to acceptable
levels (below the Site-specific industrial/commercial risk-based criteria of 56
mg/Kg).

� TCE reduction was most prominent in tests where KMnO4 was applied in
solution form and not as a solid.

� Field study results indicated that the application rate varied between 11 to
26 pounds of KMnO4 per cubic yard of soil, depending on the soil
characteristics and contamination levels.



The information obtained from the field study was incorporated into the design
for full-scale application.  Full-scale application for treatment of the soils was
successfully completed early 2002.
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IN SITU THERMAL DESORPTION (ISTD) OF PCBs
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ABSTRACT
A field demonstration is described in which a new in-situ thermal desorption soil remediation process

(ISTD–Thermal Wells) is shown to remove high-concentration PCB contamination from clay soils.  The
demonstration was conducted at the Missouri Electric Works (MEW) Superfund site in Cape Girardeau,
Missouri, from April 21 through June 1, 1997.  For this demonstration, twelve heater/vacuum wells were
completed in a multiple triangular array with a 5-foot well spacing to a depth of 12 feet.  During the
remediation, electrical-resistance heating and vacuum were applied to the wells for a period of 42 days.  Soil
temperatures were monitored throughout the experiment, and soil samples were taken with a split-spoon
sampler fitted with six-inch brass coring sleeves to verify the removal of contaminants.  Temperatures above
1000°F were achieved in the interwell regions, and PCB concentrations in the treated area were reduced from
a maximum concentration of approximately 20,000 ppm to non-detect (i.e., <33 ppb) by EPA Method 8080.
The system destruction removal efficiency (DRE) for PCBs was 99.9999998%.

INTRODUCTION
The difficulty in remediating the large number of sites contaminated by toxic, carcinogenic, or radioactive

chemicals has generated interest in developing improved processes for cleaning these sites.  In-situ processes,
which either destroy contaminants in place or remove them without disturbing the soil, offer distinct
advantages over those requiring excavation in that they eliminate exposures and handling/preparation costs.

One of the most versatile and effective of these in-situ processes is In-Situ Thermal Desorption (ISTD), in
which heat and vacuum are applied simultaneously to subsurface soils.  For shallow soil contamination, an
ISTD method using surface heater blankets1–3 has been developed.  Recently, ISTD–Thermal Blankets have
been demonstrated2–3 to be highly effective in removing polychlorinated biphenyls (PCBs) from soils, and
commercial remediation services are now available.4  For deep soil contamination, a similar thermal vacuum
process using heater wells (ISTD–Thermal Wells) has been proposed.5  As with the thermal blanket, this
process is a clean, closed system that is simple and fast.  It destroys pollutants in place without having to
move the soil.  It can be used under roads, foundations, and other fixed structures.  If required, the thermal
wells can be slanted or drilled horizontally.  The operations are low profile and quiet and cause little
disruption of adjoining neighborhoods.  The process possesses a high removal efficiency because the narrow
range of soil thermal conductivities provides excellent sweep efficiency and because its high operating
temperature assures complete displacement efficiency of contaminants in the gas phase.  Unlike fluid
injection processes, ISTD is applicable to tight soils and clay layers or in soils with wide variations in
permeability and water content.

The ISTD–Thermal Wells process utilizes an array of heater/vacuum wells emplaced vertically in the
ground in triangular patterns.  The wells are equipped with high-temperature electric heaters and connected to
a vacuum blower.  As heat is injected and soil temperatures rise, the vaporized formation fluids, including
contaminants, are collected by the vacuum drawn at the wells.  Produced vapors are treated in surface
facilities to remove residual contaminants that have not been destroyed in-situ.

A twelve-well pilot of the ISTD–Thermal Wells Process was carried out by Shell Oil and General Electric
Companies in the winter of 1996 at Shell's Gasmer Road Test Facility in Houston, Texas.6  In that pilot, a
sand pit was prepared with two surrogate high-boiling-point soil contaminants, hexadecane and methyl
salicylate.  The ISTD–Thermal Wells process completely removed the contaminants after electrical-resistance
heating and vacuum were applied to the wells for a period of 70 days.

PROCESS DESCRIPTION
As shown in Figures 1a and 1b, there are two forms of the ISTD technology:  Thermal Blankets for

removal of surficial contamination down to about 3 feet, and Thermal Wells which can be placed to virtually
any depth.  The fundamental processes, including heat flow, fluid flow, phase behavior and chemical
reactions, are similar for each method.  In each case, heat is applied to soil from a high-temperature surface in
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contact with the soil, so that radiation and thermal conduction heat transfer are effective near the heater, and
thermal conduction and convection occur in the bulk of the soil volume.  Overall thermal conduction
accounts for over 80% of the heat transfer.  A significant feature of the ISTD process is the creation of a zone
of very high temperature (>1000°F) near the heaters, which causes rapid destruction of the contaminants
before they exit the soil.

CAPE GIRARDEAU FIELD DEMONSTRATION DESCRIPTION
Objectives

To test full-scale remediation of contaminants using the ISTD–Thermal Well technology, TerraTherm
carried out a field demonstration at the Missouri Electric Works (MEW) Superfund site in Cape Girardeau,
Missouri.  The Thermal Well technology was demonstrated on deep soil contamination near a former storage
pad area of the MEW site where the PCB contamination was as high as 20,000 ppm Aroclor 1260.  The site
clean-up level specified in the ROD was 2 ppm total PCBs.  The objectives of the MEW field test included
(1) clean-up clay soils in the interior portion of the well array to less than 2 ppm, (2) demonstrate that stack
discharges were in compliance with state and federal standards for PCBs and polychlorinated dibenzodioxins/
polychlorinated dibenzofurans (PCDDs/PCDFs), and (3) obtain a system destruction removal efficiency
(DRE) for PCBs greater than 99.9999%.  The demonstration was conducted in support of TerraTherm’s
application for a modification of the TSCA permit for alternate PCB treatment.  The Demonstration Test Plan
for this project was accepted by EPA, Region VII and the Missouri Department of Natural Resources
(MODNR) in January, 1997.

Description of Site
The MEW site was contaminated with PCBs in both shallow and deeper soils during past operations

including selling, servicing, and re-manufacturing transformers, electric motors, and electrical equipment
controls, and recycling dielectric fluids containing PCBs.  The MEW site was issued a Record of Decision
(ROD) by the EPA, Region VII in September, 1990 and was issued an Explanation of Significant Differences
(ESD) in January, 1995.  On-site thermal treatment, including thermal desorption technologies, is the selected
remedy for the site.

The field demonstration was carried out in an area devoid of underground gas, water, or electric utilities.
The natural stratigraphy is brown clay soil; the water table is about 40 feet deep.

Pre-Test Soils Characterization
The Thermal Well demonstration area was sampled to determine the pretest concentrations and the

required depth of wells.  Samples were obtained using Geoprobe tools and disposable plastic liners.  The soils
in the selected area of the site were brown clay with traces of silt, overlain by a thin layer of organically rich
topsoil.  Gravel had been spread over the area during previous investigation activities. Samples were
collected from discrete 2 ft intervals from 0 to 12 ft at the locations of the twelve Thermal Wells.  Sample
intervals were homogenized and analyzed for total PCBs by Method 8080 by ATAS Labs of St. Louis,
Missouri.  Table 1 and Figure 2 show the results of the sample analysis.  All Thermal Well areas deeper than
10 feet were determined to meet the site clean-up criteria.

 Equipment
Heater/Vacuum Wells.  The pattern of twelve wells used is shown in Figure 3.  Well spacing was 5 ft.

The wells were completed vertically in 6-in. OD boreholes to a depth of 12 ft.  The well completion consisted
of (1) a 10–20 mesh sand-filled annulus between the soil face and a liner; (2) a 4-in. OD stainless steel,
slotted (0.032 in. x 2 in.) liner; (3) a 2.5-in. OD pipe sealed at the bottom to provide a “heater can” to isolate
the heater element from the product stream; and (4) Nichrome wire heating elements threaded through
ceramic insulators.  Wells were equipped with 12 ft long, dual hairpin heaters in series.  To compensate for
heat losses to the atmosphere and to the lower soil, the upper 1 ft and the lower 2 ft were designed to deliver
57% more power than the middle 9 ft (Nichrome wire diameter 0.102 in. vs 0.128 in.).  The sand-filled
annulus improved inflow of fluids from the soil, and the gap between the slotted liner and the heater can
allowed flow up the well and into the surface vacuum manifold connected to the wells.  Thermal wells had
the capability of injecting 350–700 watts/ft at heater temperatures in the range of 1600 to 1800°F.  Surface
heating pads were placed at the center of each triangle on the surface metal vapor seal to assist in heating the
near-surface soils between the wells.  The surface heating pads were 18-inch square and energized with 500
watts/ft2.

Thermocouple Wells.  A number of 1-in. OD steel thermocouple (TC) tubes were driven into the soil to a
depth of 7 ft at locations A through O shown in Figure 3.  These tubes, which were sealed at the bottom,
allowed temperature logging during the experiment using fixed thermocouple arrays.  The thermocouple
tubes were located at the centroid of each of the thirteen triangular heating patterns and at additional locations
within the center triangle.



Vapor Seal.  A vacuum frame structure was constructed around the well area to insulate the surface and to
provide a surface seal.  The vapor seal was provided by rectangular steel shim stock (4 ft x 20 ft) on the soil
surface.  These sheets were fitted together along the 20 ft sides so as to cover the whole test area, and the
sheets were welded to the heater and logging wells at their points of penetration.  A 16-in. thick layer of
vermiculite insulation was placed over the steel plates.  This layer served to reduce heat losses and to insulate
the surface piping manifold embedded within the vermiculite.  The insulation was covered with an
impermeable silicone tarpaulin to prevent rainwater inflow and to provide an additional seal against vapor
emissions to the atmosphere.  This cover extended 5 ft beyond the edges of the treated area.

Vacuum Monitoring.  Subsurface vacuum monitoring in the array was conducted using two pressure
monitoring wells, PW-1, -2, constructed from perforated pipe and completed with 1 foot of sand at a depth of
6 feet and sealed with bentonite grout to the surface.  The pressure monitoring wells were located in the
center triangle about 2 feet from the nearest heater/vacuum wells.

Water Influx.  A 1 ft deep trench was added around the perimeter and equipped with a sump pump to
control surface run-off water during the demonstration.   

Description of MU-125 Mobile Process Unit
The Thermal Wells were connected to a single manifold which delivered the desorbed and partially

treated in-situ vapors to the TerraTherm MU-125 mobile process unit.  The MU-125 is a 125 scfm mobile
demonstration trailer equipped with a particulate cyclone, flameless thermal oxidizer (Thermatrix ES-125),
two carbon canisters in series, main and backup vacuum blowers, discharge stack with continuous emission
monitoring (CEM) system, and control room for the system operator.  The control room houses the
programmable logic controller (PLC), heater controllers, and PC-based data acquisition system.  The system
is powered from shore power but has a backup 70 Kw diesel generator in case of power failure to the site.
The stack emissions are continuously monitored for wet and dry oxygen, carbon monoxide, carbon dioxide,
and total petroleum hydrocarbons.  In addition, Drager tubes are used to monitor HCl emissions from the
stack.

OPERATION OF THE DEMONSTRATION
After equipment shakedown, the Thermatrix oxidizer was started, vacuum was applied to the wells, and

emissions were monitored at a baseline flow rate for 24 hours to assure acceptable levels of stack emission
before well heating was initiated.  The vacuum was applied to the twelve wells by opening knife valves at
each well and adjusting them to roughly equal vacuum in the range of 25 inches of water.  The vacuum levels
in the pressure monitoring wells (PW-1, -2) two feet away were 1 inch of water, indicative of  the low
permeability of the clay soil.

Well heaters were energized on April 21, 1997.  Power to the twelve injectors was increased over a 3-hour
period to an average initial rate of 500 watts/ft.  Power was increased in all injectors until the control
thermocouples next to the heating elements reached the maximum operating temperature (1600°F).  Within
48 hours the vacuum decreased at the heater wells from 25 to 5 inches of water and the pressure monitoring
wells increased in vacuum from 1 to 4.5 inches of vacuum.  This indicated a substantial increase in soil
permeability from the heating process. Once the soil permeability had increased, the surface heating pads
were energized at 500 watts/ft2.  Injected power was slowly decreased once the maximum heating element
operating temperatures was reached.

The flow rate from the well manifold was maintained between 50–70 scfm with a well vacuum of 3–5
inches of water for the majority of the 42-day demonstration.

TEMPERATURE PROFILES
The temperatures in the process were recorded using fixed thermocouples (TC) at 1 ft intervals with

thermocouple arrays.  Temperatures were measured every 12 hours during the test.

Because of the additional contribution from the surface heating pads, heating progressed from the surface
downwards.  After the upper foot of soil reached 900°F, the power to the surface heating pads was reduced to
avoid excessive corrosion of the metal shim-stock vapor seal.

The temperature history at the centers of the triangles near the middle of the heated interval (depth 6 ft) is
shown in Figure 4.  There were three distinct phases in the heating process.  During the first phase, the soil
temperature rose nearly to the boiling point of water in about 250 hours from the start of heating.  During the
second phase, water boiling occurred and the temperature remained near the boiling point of water.  The
duration of this phase was dependent on the pore water content and the water inflow.  This phase ended at
between 560 and 630 hours, with the center and adjoining triangles drying first and the outer triangles later.
During the third (superheating) phase, soil temperatures rose rapidly until the heaters were turned off on day
42.  Maximum temperatures over 900°F were reached at the center of the triangles, and about 50% of the



volume was over 1100°F.  Figure 5 shows the maximum temperatures reached along profile I7-G.

SAMPLING METHOD AND RESULTS
Soil samples were taken after 42 days of heating, at the locations shown in Figure 3.  The coring was

performed on the hot soils by Philips Environmental using a truck-mounted drill rig, hollow-stem augers, and
split spoon sampler with brass sleeves.  After retrieval of the coring tube, the contents of each sleeve were
immediately emptied into a glass bottle and sealed.  The total coring depth was 10 ft except at the center
location where the coring proceeded until moist soil was contacted at 16 ft.  Most of the samples were
observed to be reddish-brown, very dry, high porosity and fine grained.  On rehydrating, the clay plasticity
appeared to be lost and the soil behaved as a siltstone.

Post-heat soil samples showed a large increase in both porosity and permeability.  The porosity increased
from approximately 30% of pore volume initially to a post-heat value of 40%.  The horizontal air
permeability, measured with in-situ moisture retained, increased from 3x10–3 md to 50 md.  The vertical air
permeability increased from 1x10–3 md to 30 md.  Mechanisms for increasing porosity and permeability
included fracturing, clay desiccation, and removal of organic material (as evidenced by scanning electron
microscopy, SEM).  Additional air permeability was created through the evaporation of in-situ moisture.

The heating process also affected soil texture.  In areas exposed to at least 1100°F, the soil became
solidified (to a siltstone) and ochre in color from an iron oxide grain coating observed in SEM dispersive
images.  The solidification of the silica grains may occur by sintering silicate minerals, particularly the clay
minerals which are dispersed through the soil and bridge between particles.  The iron oxide coating may also
be contributing to cementing the grains together. Analysis by X-ray diffraction showed that thermal effects
alter the structure of the clays from a crystalline to an amorphous state, reducing the measured values from
about 12% illite/smectite volume to 8% amorphous clay material.

Soil samples were analyzed for total PCBs by EPA Method 8080 at ATAS Labs.  Results of this sampling
are given in Table 2.  All samples were treated to below the site clean-up criteria of 2 ppm.  Nearly all of the
samples in the center treated area (0 to 10 ft) were treated to below the limits of method detection (<33 ppb).
These results indicated no evidence of vertical or lateral migration of contaminants at the end of the test.

 Additionally, soil samples were composited vertically and areally in the treated zone and analyzed for
PCDD and PCDF by EPA Method 8280 at Triangle Labs in Durham, North Carolina.  The vertical composite
sample 0–10 ft at the center of the treated pattern was non-detect for PCDD/PCDF by EPA Method 8280.
The 0–2 ft areal composite showed 0.00284 ppb toxic equivalent (TEQ), the 2–4 ft areal composite showed
0.00684 ppb TEQ, and the 4–6 ft areal composite showed 0.0033 ppb TEQ.  These levels are well below the
RCRA universal treatment standard of 1 ppb TEQ, and even below the background level of 8 ppt for
uncontaminated soil in North America.

STACK SAMPLING
HCl emissions in the stack were used to select the period of peak emissions for the 30-hour stack

sampling test.  Effluent stack sampling by EPA Method 23/modified 680 and CEM demonstrated that the
discharge of PCBs and combustion byproducts (PCDDs/PCDFs) was in compliance with the ambient air
requirements prescribed by MODNR and USEPA 40CFR Part 266 Appendix V.

Continuous emission monitoring (CEM) showed the average stack composition contained about 20,000
ppm CO2, 2 ppm CO, and 1 ppm THC.  The peak HCl concentration in the stack was 60 ppm from the
decomposition of the PCBs.  The HCl concentration in the stack was found to be a good indicator of when the
remediation process was complete.

AMBIENT AIR MONITORING RESULTS
Vacuum was maintained in the soil and in the vapor treatment equipment throughout the whole test.

Organic vapor analysis of the ambient air around the demonstration area was performed periodically using
NIOSH Method 5503 to check for leakage of contaminants.  No PCB contaminants (<10 µg/m3) were
detected, and no odors were noticed at any time during the test.

SUMMARY
The principal results of the Cape Girardeau field demonstration are as follows:

1. About 500 watts/foot were initially injected into the clay soil at heater temperatures of 1600°F.  Later in
the process, as the soil dried, about 350 watts/ft could be injected.

2. After 42 days of heating with well spacing of 5 ft between triangular patterned wells, soil temperatures
reached over 900°F at the center of all triangles and exceeded 1100°F in about half of that volume.



3. Sampling after 42 days showed complete clean-up of all contaminants to levels below 1 ppm to a depth of
10 feet below ground surface.  Eighty-one samples in the treatment zone were non-detect (<33 ppb) by
EPA Method 8080.

4. No evidence of vertical or lateral migration of contaminants was observed.
5. Stack testing of emissions from the process indicated 99.9999998% destruction removal efficiency (DRE)

of the PCBs by combined in-situ and surface treatment.  The sampling and analysis results of the Method
680 analysis performed on the stack samples indicates that a total of 0.10 mg of PCB were emitted from
the MU-125 stack from a conservative estimate of 40 kilograms of PCB in the treated area.

6. Post-treatment soil samples composited vertically and areally from the treated zone were analyzed for
PCDD and PCDF and exhibited TEQ levels from non-detect to 0.00684 ppb, with an average of 0.003 ppb.
This is below the background level of 8 ppt for uncontaminated soil in North America.

In summary, the ISTD–Thermal Well technology was effective in achieving the site remediation goals of
<2.0 ppm at all locations sampled within the well treatment zone.  The Thermal Well technology volatilized,
extracted, and effectively treated high concentrations of the highest-boiling-point PCBs from dense clay
overburden soils without excavation.  The discharge of PCBs and combustion by-products detected during
stack testing activities conducted on the MU-125 treatment system during the demonstration confirmed that
ambient air quality was not adversely impacted by the ISTD process.
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MEW - Cape Girardeau Demonstration
Thermal Well Pattern Layout

Figure 3



Figure 4 - Temperature history of soils at 6 feet depth within heated
triangles (thermocouple positions A, B, D, E, F, G, H, I, J, K, L, M,
and N, Figure 3) during demonstration.  Initially, temperatures rise
to boiling point of water and level off at 212 oF.  The duration of this
phase is dependent on pore water content and water inflow.
Subsequently, in the "superheating" phase, temperatures rise above
212 oF.  Maximum temperatures over 900 oF were reached at the
center of the triangles and about 50% of the volume was over
1100oF.  Thermocouple K is the median location where
approximately 50% of the volume is at hotter temperatures.





ATAS Lab Result ATAS Lab Result
Boring ID Sample # Depth (ft) PCB Concentration (ppm) Boring ID Sample # Depth (ft) PCB Concentration (ppm)

TW-1 S1-A 0.0-2.0 1590 TW-13 S1 0.2-2.2 253
S1-B 2.0-3.4 357 S2 2.2-4.2 2.23
S2-A 3.4-5.4 <0.5 S3 4.2-6.2 0.099
S2-B 5.4-8.1 <0.5 S4 6.2-8.2 NA
S5 8.2-10.0 NA S5 8.2-10.2 <0.50
S6 10.0-12.0 13.5* S6 10.2-12.2 <0.50

TW-3 S1-A 0.2-2.2 2190 TW-14 S1 0.2-2.2 4100
S1-B 2.2-4.2 59.5 S2 2.2-4.2 1060
S2-A 4.2-6.2 ND S3 4.2-6.2 276
S2-B 6.2-8.2 ND S4 6.2-8.2 67.5
S5 8.2-10.0 6.37* S5 8.2-10.2 3.98
S6 10.0-12.0 4.34* S6 10.2-12.2 <0.50

TW-3T S1 0.0-0.5 614 TW-14T S1 0.0-0.5 9210
S2 0.5-1.0 2970 S2 0.5-1.0 1450
S3 1.0-2.0 16.5 S3 1.0-2.0 984
S4 2.0-4.0 0.694 S4 2.0-4.0 1470
S5 4.0-6.0 4.42 S5 4.0-6.0 134
S6 6.0-8.0 2.32 S6 6.0-8.0 11.8
S7 8.0-10.0 0.084 S7 8.0-10.0 <0.033
S8 10.0-12.0 <0.033 S8 10.0-12.0 <0.033
S9 12.0-14.0 <0.033 S9 12.0-14.0 <0.033
S10 14.0-16.0 <0.033 S10 14.0-16.0 <0.033

TW-4 S1-A 0.2-2.2 3030/8030
S1-B 2.2-4.2 NA TW-15 S1 0.2-2.2 93.8
S2-A 4.2-6.2 0.913 S2 2.2-4.2 5.3
S2-B 6.2-8.2 <0.50 S3 4.2-6.2 NA
S5 8.2-10.0 0.418 S4 6.2-8.2 2.03
S6 10.0-12.0 3.63* S5 8.2-10.2 NA

TW-6 S1-A 0.2-2.2 299 S6 10.2-12.2 8.35*
S1-B 2.2-4.2 393
S2-A 4.2-6.2 342 TW-16 S1 0.2-2.2 61.8
S2-B 6.2-8.2 114 S2 2.2-4.2 NA
S3-A 8.2-10.2 <0.50 S3 4.2-6.2 1.14
S3-B 10.2-12.2 0.973 S4 6.2-8.2 NA

TW-6T S1 0.0-0.5 19900 S5 8.2-10.2 3.11
S2 0.5-1.0 2190 S6 10.0-12.0 1.22 (10.2)*
S3 1.0-2.0 885
S4 2.0-4.0 234 TW-17 S1 0.0-0.5 93.7
S5 4.0-6.0 46.2 S2 0.5-1.0 2530
S6 6.0-8.0 5.33 S3 1.0-2.0 <0.50
S7 8.0-10.0 0.061 S4 2.0-4.0 1.66
S8 10.0-12.0 0.158 S5 4.0-6.0 <0.50
S9 12.0-14.0 0.22 S6 6.0-8.0 <0.033
S10 14.0-16.0 0.043 S7 8.0-10.0 0.146

S8 10.0-12.0 <0.033
TW-7 S1-A 0.2-2.2 25.7 S9 12.0-14.0 1.27

S1-B 2.2-4.2 <0.50 S10 14.0-16.0 0.395
S2-A 4.2-6.2 11.4
S2-B 6.2-8.2 <0.50 TW-18 S1 0.0-0.5 9090
S3-A 8.2-10.2 <0.50 S2 0.5-1.0 1690
S3-B 10.2-12.2 <0.50 S3 1.0-2.0 762

S4 2.0-4.0 450
TW-10 S1-A 0.2-2.2 2.39 S5 4.0-6.0 293

S1-B 2.2-4.2 <0.50 S6 6.0-8.0 1.53
S2-A 4.2-6.2 <0.50 S7 8.0-10.0 0.421
S2-B 6.2-8.2 <0.50 S8 10.0-12.0 0.136
S5 8.2-10.0 0.475 S9 12.0-14.0 0.051
S6 10.0-12.0 <0.50 S10 14.0-16.0 <0.033

Table 1. Thermal Wells Pre-Demo Soil Sampling Results

ATAS Lab Result ATAS Lab Result
Boring ID Sample # Depth (ft) PCB Concentration (ppm) Boring ID Sample # Depth (ft) PCB Concentration (ppm)

PTW-1 S1 0.0-0.5 <0.033 PTW-8 S1 0.0-0.5 <0.033
S2 0.5-1.0 <0.033 S2 0.5-1.0 <0.033
S3 1.0-1.5 <0.033 S3 1.0-2.0 <0.033
S4 1.5-2.0 <0.033 S4 2.0-4.0 <0.033
S5 2.0-2.5 <0.033 S5 4.0-6.0 0.036
   

PTW-2 S1 0.0-0.5 <0.033 PTW-9 S1 0.0-0.5 <0.033
S2 0.5-1.0 <0.033 S2 0.5-1.0 <0.033
S3 1.0-2.0 <0.033 S3 1.0-2.0 <0.033
S4 2.0-4.0 <0.033 S4 2.0-4.0 <0.033
S5 4.0-6.0 <0.033 S5 4.0-6.0 <0.033
S6 6.0-8.0 <0.033 S6 6.0-8.0 <0.033
S7 8.0-9.9 <0.033  S7 8.0-9.9 <0.033
   

PTW-3 S1 0.0-0.5 <0.033 PTW-10 S1 0.0-0.5 <0.033
S2 0.5-1.0 <0.033 S2 0.5-1.0 <0.033
S3 1.0-2.0 <0.033 S3 1.0-2.0 <0.033
S4 2.0-4.0 <0.033 S4 1.0-2.0 <0.033
S5 4.0-6.0 <0.033 S5 2.0-4.0 <0.033
S6 6.0-8.0 <0.033 S6 4.0-6.0 <0.033

 S7 8.0-9.9 <0.033  S7 6.0-8.0 <0.033
S8 8.0-9.9 0.302

PTW-4 S1 0.0-0.5 <0.033
S2 0.5-1.0 <0.033 PTW-11 S1 0.0-0.5 <0.033
S3 1.0-2.0 <0.033 S2 0.5-1.0 <0.033
S4 2.0-4.0 NS S3 1.0-2.0 <0.033

S4 1.0-2.0 <0.033
PTW-6 S1 0.0-0.5 <0.033 S5 2.0-4.0 <0.033

S2 0.5-1.0 <0.033 S6 4.0-6.0 <0.033
S3 1.0-2.0 <0.033 S7 6.0-8.0 <0.033
S3 DUP 1.0-2.0 <0.033 S8 8.0-9.0 <0.033
S4 2.0-4.0 <0.033 S9 9.0-9.9 <0.033
S5 4.0-6.0 <0.033
S6 6.0-8.0 <0.033 TW-12 S1 0.0-0.5 <0.033
S7 8.0-10.0 <0.033 S2 0.5-1.0 <0.033
S8 10.0-12.0 <0.033 S3 1.0-2.0 <0.033
S9 12.0-13.5 <0.033 S4 1.0-2.0 <0.033
S10 13.5-14.0 0.072 S5 2.0-4.0 <0.033
S11 14.0-15.5 <0.033 S6 4.0-6.0 <0.033

S7 6.0-8.0 <0.033
PTW-7 S1 0.0-0.5 <0.033 S8 8.0-9.9 <0.033

S2 0.5-1.0 <0.033
S3 1.0-2.0 <0.033 TW-13 S1 0.0-0.5 0.045
S4 2.0-4.0 <0.033 S2 0.5-1.0 0.045
S5 4.0-6.0 <0.033 S3 1.0-2.0 0.042
S6 6.0-8.0 <0.033 S4 2.0-4.0 <0.033

 S7 8.0-9.9 0.168 S5 4.0-6.0 <0.033
S6 6.0-8.0 <0.033

 S7 8.0-9.9 <0.033

PTW-14 S1 0.0-0.5 <0.033
S2 0.5-1.0 <0.033

NOTES: S3 1.0-2.0 <0.033
1.  NA denotes that sample analysis results are not available at this time. S4 1.0-2.0 <0.033
2. NS indicates no sample was collected. S5 2.0-4.0 <0.033
3. Samples taken at locations of thermal wells, e.g., TW-1 as shown on Figure 3. S6 4.0-6.0 <0.033
4. "T" denotes twinned geoprobe location. S7 6.0-8.0 <0.033
5. * Split spoon sample, possible contamination from shallow cavings S8 8.0-9.9 <0.033
6. PTW-8 samples were collected adjacent to the PTW-1 location.

Table 2. Thermal Wells Post-Demo Soil Sampling Results

CAPE GIRARDEAU, MO.
SOIL SAMPLE RESULTS SUMMARY
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CHLOROBENZENE NAPL OXIDATION USING POTASSIUM
PERMANGANATE: BENCH- AND FIELD-SCALE DEMONSTRATION

 
John F. Horst (jhorst@arcadis-us.com); Kurt A. Beil; Frank C. Lenzo; and

Suthan S. Suthersan, Ph.D. (ARCADIS G&M, Inc., Langhorne, Pennsylvania)

ABSTRACT:  Potassium permanganate (KMnO4) was selected for use in a short-term
field demonstration of chemical oxidation at an active industrial site in the eastern United
States. The demonstration was designed to evaluate the feasibility of using permanganate
(MnO4

-) to destroy separate-phase, adsorbed-phase, and dissolved-phase
monochlorobenzene (MCB) and 1,2-dichlorobenzene (DCB) present in the saturated soils
and groundwater beneath the Site. A bench-scale treatability study confirmed the
suitability of the technology for application at the Site. During the field demonstration,
approximately 1,540 pounds of KMnO4 were delivered to the subsurface in the form of a
three-percent solution (by weight) through a series of ten injection events completed over
a period of 12 weeks. The results of groundwater monitoring conducted during the field
demonstration indicate that 1) the selected delivery method is effective and 2) the KMnO4
was able to overcome the natural reductive poise throughout the pilot test area.  However,
it appears that the ability of the permanganate to sustain reaction with the target
compounds was limited by an insufficient concentration of permanganate in the
subsurface. An attempt to overcome this limitation through the use of an alternate source
of permanganate with a higher solubility, such as sodium permanganate (NaMnO4), has
been proposed.

INTRODUCTION:
The subject Site is an active industrial facility located in the eastern United States.

Overburden at the Site is comprised of unconsolidated deposits of silty sands and gravels
ranging in thickness from approximately 30 to 65 feet.  Specifically, surficial soils are
comprised of an approximately 5 foot thick layer of fill material.  Beneath the fill
material, a layer of ablation till (poorly sorted sand, silt, and gravel) extends to between
25 and 45 feet below land surface (bls) to a layer of dense basal till ranging from 5 to 20
feet in thickness.  The basal till lies directly over the regional bedrock.  Groundwater at
the site occurs in both the unconsolidated deposits and the fractured bedrock, and is
encountered at an average depth of approximately 4.5 feet bls.

Elevated concentrations of MCB and DCB in groundwater indicate the presence
of non-aqueous phase liquid (NAPL) in localized areas throughout the Site.  The
elimination of NAPL in such areas would remove the continuing source of groundwater
impacts, thus reducing the total duration and cost to achieve Site-wide remediation goals.
In support of this objective, in-situ chemical oxidation was selected for application in the
form of a pilot-scale demonstration. Following an evaluation of available oxidation
techniques, permanganate (MnO4

-) in the form of potassium permanganate (KMnO4) was
selected for use in the pilot demonstration. This oxidant was selected for several reasons, as
follows: 1) commercial availability; 2) high comparative oxidation potential; 2) ability to
oxidize compounds with carbon-carbon double bonds, such as those found in MCB and



DCB (LaChance, 1998; Meyers, 1998; Oberle, 2000); 3) ability to react under a wide
range of pH conditions and at normal groundwater temperatures (Meyers, 1998; Oberle,
2000); 4) ability to diffuse into lower permeability zones in heterogeneous geologic
environments, such as those encountered at the Site (LaChance, 1998); and, 5) the low-
energy of the resulting chemical reactions as compared to other oxidation technologies,
such as Fenton’s reagent. The final pilot demonstration work plan provided for the
following:

� A bench-scale treatability study to confirm the suitability of the selected
oxidation technology for application at the Site.

� A well network including two injection wells, six monitoring wells, and two
sets of three piezometers.

� Delivery of permanganate to the subsurface through a series of ten injections
involving a dilute KMnO4 solution.

� Groundwater monitoring, including a baseline-sampling event prior to the
injections, five sampling events during the injections, and one sampling event
one to two months following completion of the injections.

Evaluation of the treatability study results, the success of the selected delivery
method, and the data from the groundwater monitoring activities would be evaluated to
determine whether the pilot demonstration was successful and the technology should be
retained for use at the Site.

TREATABILITY STUDY
Prior to initiating the field demonstration, a bench-scale treatability study was

completed in a laboratory.  The objective of the study was to estimate oxidant demand in
the Site subsurface.  In order to complete the test, a bulk saturated soil sample and a bulk
groundwater sample were collected in the area selected for the pilot demonstration and
submitted to the ARCADIS laboratory in Durham, North Carolina. Upon receipt of the
soil, the bench-scale treatability study was initiated.  The key elements of the study were
as follows:

� At the laboratory, the Site soil was homogenized and analyzed for total
organic carbon (TOC) content. A total of five samples were analyzed for
TOC: four were analyzed using the Walkley-Black method, which does not
detect elemental carbon (charcoal/coal); and one was analyzed using the Lloyd
Kahn method, which does detect elemental carbon.

� The homogenized soil was spiked with 1,000 microliters of MCB and 500
microliters of DCB (this equates to approximately 1,210 milligrams of MCB
and 655 milligrams of DCB).  The spiked homogenate was left undisturbed
for ten days to allow time for the MCB and DCB to achieve partitioning
equilibrium.  The homogenate was then used to fill three equal-volume glass
test columns.



� Each test column was saturated with clean water. In a closed-loop, the water in
each test column was circulated several times to assure that equilibrium
conditions had been achieved.  Pre-treatment desorption samples of the water
were then collected and submitted for VOC analysis.

� 500 milliliters (ml) of a 3% KMnO4 solution was then introduced into each
test column.  In each column, the initial dilution resulted in a 1.89% solution
that was recirculated until the concentration of KMnO4 stabilized.

� The KMnO4 solution was then drained, and each column was flushed once
with clean water. Post-treatment desorption samples were collected from this
water and were submitted for VOC analysis.

Based on numerous published studies and the results of similar testing previously
completed in the ARCADIS laboratories, it was assumed that the permanganate molecule
could effectively oxidize dissolved-phase constituents with carbon-carbon double bonds
(such as MCB and 1,2-DCB).  In an effort to make the treatability study more cost-
effective, concentrations of the constituents of concern (COCs) in the permanganate
effluent were not measured.  The treatability study focused on the total oxidant demand
assuming that reductions in COC concentrations were the result of successful oxidation.

The overall oxidant demand is generally comprised of two elements: contaminant
demand and matrix demand.  The matrix demand is principally comprised of naturally
occurring organic material in the soil that will consume the oxidant.  Matrix demand is
generally larger than contaminant demand, such that it controls the magnitude of the
overall oxidant demand at a Site.  Consequently, soils with high organic content can
result in a matrix demand that is hundreds to thousands of times greater than the
contaminant demand, making oxidation technology impractical due to cost. Conversely,
soils with minimal organic content can result in a very low overall oxidant demand.
Based on the results of the TOC analyses, the natural organic carbon content in the Site
soil is minimal, less than 500 milligrams per kilogram (mg/Kg), confirming the Site as an
ideal candidate for oxidation technology.

The VOC analytical results of the pre- and post-treatment samples collected
during the study are summarized below:

Measurement
Dissolved In Soil Dissolved In Soil

(ug/L) (mg/Kg) (ug/L) (mg/Kg)

Pre-treatment concentration 61,667 34,333 32,667 30,333
Post treatment concentration 346 <38 650 140

Apparent reduction: 99.4% 99.9% 98.0% 99.5%

Notes:
ug/L Micrograms per liter

mg/Kg Milligrams per kilogram

1,2-DCBMCB



Using the average concentrations of MCB and DCB detected in the desorption
samples, a conservative estimate of the sorbed-phase concentration of MCB and DCB
was developed using published organic carbon/water partitioning coefficients (USEPA
1996b; Montgomery and Welkom, 1990) and equilibrium relationship equations
(USEPA, 1996a).  Knowing the average mass of the soil matrix in each test column, the
total sorbed-phase mass of MCB and DCB oxidized in each column could be then
determined. By comparing these results to the average total KMnO4 consumed by each
column, Site-specific oxidant utilization ratios were determined for MCB and DCB, as
follows:

� 35 pounds of KMnO4 required to oxidize 1 pound of MCB (35:1)

� 54 pounds of KMnO4 required to oxidize 1 pound of DCB (54:1)

The above utilization ratios take into consideration the matrix demand created by
the naturally occurring organic material in the Site soil. Due to the lack of matrix demand,
the utilization ratios determined through the treatability study are less than ten times the
stoichiometric utilization ratio of approximately 6:1 for both MCB and DCB. As
previously mentioned, matrix demand can range from hundreds to thousands of times
greater than the contaminant demand. Consequently, the results of the treatability study
confirm the suitability of the technology for application at the Site.

PILOT DEMONSTRATION WELL NETWORK
The well network associated with the pilot demonstration was installed in an area

of the Site where sufficient impacts were known to be present.  The well network was
configured such that both the performance of the oxidation process and the extent of the
resulting in situ reactive zone could be evaluated.  The injection wells were configured to
target two discrete lithologic zones in the Site subsurface, one shallow and one deep (just
above bedrock). The monitoring wells were arranged radially around the injection points,
and were configured to monitor the entire saturated interval across which the chemical
oxidant would be injected. The layout and profile of the pilot demonstration well network
are depicted on Figures 1 and 2, respectively.

FIELD ACTIVITIES
A total of 10 injection events were completed over a period of 12 weeks.  Over

the course of the injection events, a total of 1,540 pounds of KMnO4 was delivered to the
subsurface in approximately 6,000 gallons of solution (approximately 3 percent by weight).
In conjunction with the injection events, a total of seven groundwater sampling events were
completed (one baseline, five during the treatment period, and one post-treatment). Based
on the data collected, the following observations can be made:

� Injection pressures were negligible through all ten events, indicating that
precipitation of manganese dioxide (MnO2, a by product of KMnO4 oxidation
reactions) had a minimal effect on the soil permeability in the pilot area. This
validates the effectiveness of the delivery method selected for the pilot
demonstration.



FIGURE 1: Pilot Demonstration Well Network, Layout

FIGURE 2: Pilot Demonstration Well Network, Profile



� The injected KMnO4 was successfully delivered to the formation and distributed
throughout the entire treatment area of the pilot demonstration. This is apparent
based on the increase in dissolved potassium and manganese concentrations in
groundwater samples collected from the monitoring wells, an increase in the
specific conductivity of the groundwater at the monitoring locations, and the
presence of unreacted KMnO4  at the monitoring locations.

� The KMnO4 was successful in overcoming the natural reductive poise
(naturally occurring organic carbon and other sources of oxidant demand in
the aquifer). This is evident by the significant increase in oxidation-reduction
potential (ORP) throughout the treatment area.

� Evidence of the reaction between permanganate and the target compounds was
observed in at least two of the monitoring well locations, as follows: 1) a 92%
decrease in MCB concentration at MWB-1; and 2) a 75% decrease in MCB
and 84% decrease in 1,2-DCB concentration at MWB-2 (see chart below).
However, target compound concentrations in most of the pilot test monitoring
wells exhibited stable to fluctuating trends, indicating that the ability of the
permanganate to sufficiently react with the target compounds was limited.

CONCLUSIONS
Because the oxidation reaction associated with permanganate is dependant upon

both the concentration of the target contaminant and the permanganate concentration
(second order reaction), an insufficient concentration of permanganate in the subsurface
would diminish its ability to react with the target compounds (Yan, 1998; Urynowicz,

MCB and DCB Concentration Trends Observed at
MWB-2
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2000).  The low solubility of KMnO4 only permitted the injection of a three percent by
weight solution. Once injected, the three percent solution was further diluted in the
treatment area after mixing with groundwater.  This, in turn, appears to have limited the
ability to sustain the desired reaction rates throughout the entire treatment area.  We
believe that the limited reaction between the oxidant and the target compounds can be
overcome through the use of an alternate source of permanganate with a much higher
solubility. Specifically, sodium permanganate (NaMnO4) has a solubility ranging up to 50
percent by weight. By increasing the strength of the injected permanganate solution, the
resulting in-situ permanganate concentrations should reach a point adequate to sustain
sufficient reaction with the target compounds throughout the entire treatment area.
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PILOT-SCALE DEMONSTRATION OF IN-PILE THERMAL DESTRUCTION
OF CHLOROBENZENE-CONTAMINATED SOIL

Ralph S. Baker and Robert J. Bukowski
(TerraTherm, Inc. Fitchburg, Massachusetts, USA)
Hugh McLaughlin (Groton, Massachusetts, USA)

ABSTRACT:  At the Eastland Woolen Mill Superfund site in Corinna, Maine, decades
of textile manufacturing led to contamination of approximately 75,000 cubic yards
(57,300 cubic meters) of soil by mono-, di-, and trichlorobenzenes, which were
components of the dyes used to add color to wool.  In April 2000, Roy F. Weston, Inc.
(Weston) completed demolition of the mill buildings, under the direction of the U.S.
Army Corps of Engineers (USACE) pursuant to an Interagency Agreement with USEPA.
Weston is now charged with implementing a Non-Time Critical Removal Action
(NTCRA).  Under the NTCRA, TerraTherm, Inc. performed a pilot test and evaluated the
applicability of its In-Pile Thermal Destruction (IPTD) technology for treatment of
contaminated soils in an aboveground soil pile.  The soils requiring treatment are moist
and derived from silty glacial till.  TerraTherm’s IPTD technology is an ex situ version of
In Situ Thermal Destruction (ISTD), by which TerraTherm utilizes simultaneous
application of thermal conduction heating and vacuum to treat contaminated soil without
excavation.  In IPTD, as with ISTD, the applied heat volatilizes both water and organic
contaminants within the soil, enabling them to be carried in the air stream toward vacuum
extraction wells for destruction within the soil and transfer of the remaining vapor to an
air quality control (AQC) unit.  It is anticipated that >95% of the contaminant mass will
be destroyed in the heated soil.

INTRODUCTION
Eastland Woolen Mill owned and operated a textile mill in Corinna, Maine

adjacent to the East Branch of the Sebasticook River between 1936 and 1996.  Mill
operations resulted in the release of chlorinated benzenes.  In 1997, the Town of Corinna
took title to the property for back taxes, and in 1999 the site was placed on the USEPA’s
National Priority List (NPL), designating it a Superfund Site. Under the direction of the
U.S. Army Corps of Engineers (USACE), Roy F. Weston Inc., (Weston), pursuant to an
Interagency Agreement with USEPA Region 1, completed demolition of the mill
buildings in 2000.  The major contaminants present in soils at the site are mono-, di-, and
tri-chlorobenzenes.  Table 1 provides a summary of the contaminants of concern, the
observed range of concentrations, and their boiling points. The soils requiring treatment
are moist and derived from silty glacial till excavated from locations next to the river.

Weston is currently implementing a Non-Time Critical Removal Action
(NTCRA) for the Eastland Woolen Mill.  Under the NTCRA, TerraTherm, Inc.
performed a pilot test and evaluated the applicability of its In-Pile Thermal Destruction
(IPTD) technology for treatment of the contaminated soils and sediments.
TerraTherm’s IPTD technology is an ex situ version of In Situ Thermal Destruction
(ISTD), by which TerraTherm utilizes simultaneous application of thermal conduction



heating and vacuum to treat contaminated soil without excavation.  In IPTD, as with
ISTD, the applied heat volatilizes both water and organic contaminants within the soil,
enabling them to be carried in the air stream toward thermal vacuum extraction wells for
destruction within the soil and transfer of the remaining vapor to an air quality control
(AQC) unit.  It is anticipated that >95% of the contaminant mass will be destroyed in the
heated soil.

TABLE 1.  General Characteristics of Soil and Remedial Goals of Contaminants of
Concern (COCs) at Eastland Woolen Mill, Corinna, Maine

Stockpiled Soil Requiring
Treatment

Compound Boiling
Point
(�C)

Avg
(ug/kg)

Maximum
(ug/kg)

Minimum
(ug/kg)

Pilot Test
Soil
Avg

(ug/kg)

Cleanup
Objective

(ug/kg)

Benzene 80.1 50 88 17 U <53 30
Chlorobenzene 132.0 2,500 32,000 34 U 716 1,000
1,2-Dichlorobenzene 180.5 12,560 140,000 34 U 3,942 6,000
1,3-Dichlorobenzene 173.0 740 6,600 35 U 176 6,000
1,4-Dichlorobenzene 174.0 8,920 65,000 34 U 3,345 2,000
1,2,3-Trichlorobenzene 221.0 20,040 190,000 68 U 7,714 ----
1,2,4-Trichlorobenzene 213.5 66,630 620,000 190 20,000 5,000

Source of BPs: Weast et al., 1985.
U indicates non-detect result. Result reported is the laboratory quantitation limit.

IPTD CONCEPT FOR EASTLAND WOOLEN MILL
TerraTherm’s concept for using IPTD to treat the soils at the Eastland Woolen

Mill (patents pending) would be to construct a series of rectangular soil piles,
approximately 30 feet wide, 120 feet long and 12 feet high (10 m x 40 m x 4 m) on a liner
placed on the concrete floor that remains of the former mill building.  The fixed IPTD
facility would be capable of treating many batches of soil.  Figure 1 presents a conceptual
cross-section through one of the soil piles. The end walls of the soil pile would consist of
buttressed concrete slabs.  A leachate collection system, consisting of a layer of gravel,
collection pipes, and a liner would be installed beneath each soil pile prior to construction
of the soil pile.  This would allow removal and treatment of any drainage prior to
treatment.  The soil would be placed between the end walls and the surface sloped to
maintain stability and covered with a temporary insulating cap and infiltration barrier.
The soil pile would be constructed in lifts with the heating wells, heater/vacuum wells,
and air intake wells installed as the lifts are placed.
Heat and vacuum would be applied simultaneously to the soil using an array of
horizontal heater and heater/vacuum wells running the length of the soil pile (see Figure
1).   A 30-foot wide by 12-foot high (10 m x 4 m) soil pile configuration would include
12 heater wells and 4 heater/vacuum wells arrayed in a triangular grid (see Figure 1).
Each soil pile would also include an air-inlet well located in the center of the pile to
provide a source of oxygen and to promote the migration of vapors through the pile to the
heater/vacuum wells located at the outer corners of the pile (see Figure 1).   Depending
on the desired total IPTD treatment time (heat-up plus treatment), the spacing between
the wells would typically be between 3 and 4 feet (0.9 and 1.2 m).  The conceptual design
for the Eastland Woolen Mill included a 4-foot (1.2 m) spacing between heater and
heater/vacuum wells.  With this spacing, the time to reach the desired treatment



temperatures (>150�C or >302oF) was estimated to be approximately 30 days (see
below).  Thermocouples and pressure transducers placed in the soil would track the
progress of heating and the off-gas would be treated in an AQC unit consisting of a heat
exchanger, condensate knockout, extraction blower, dry scrubber media and dual
granular activated carbon (GAC) beds.  Emissions from the AQC would be monitored
during treatment.  This conceptual full-scale treatment design was designed and evaluated
by TerraTherm but not submitted to Weston and USACE for evaluation/consideration for
use at the Eastland Woolen Mill Superfund site.

FIGURE 1.  Conceptual Cross-Section Through IPTD System.

TARGET TREATMENT TEMPERATURES
The target treatment temperature was selected by considering: (1) the boiling

points of the COCs (see Table 1), (2) ISTD processes, (3) the remedial goals, and (4) the
desired treatment time.  Based on boiling points alone, a temperature of 213.5°C (the
highest boiling point of the COCs) would be required to boil off all of the primary COCs.
Morever, in-situ distillation and steam stripping processes can result in significant
removal of volatile and semivolatile organic compounds at temperatures around 100oC.
For example, the boiling points of pure water and chlorobenzene are 100oC and 132oC,
respectively.  However, a mixture of water and chlorobenzene (present as non-aqueous
phase liquid [NAPL] would boil at 90.2°C (i.e., the eutectic temperature of the azeotropic
mixture) and the vapor would contain 71.6 percent by weight of chlorobenzene.

Theoretically, based on consideration of distillation and stream stripping
processes alone, attaining 100°C in the coldest portions of the soil pile should result in
sufficient treatment.  However, potential non-uniform vapor flow through the soil pile
and resulting mass transfer limitations could prevent attaining the cleanup goals
uniformly throughout the soil pile.  Thus, in order to ensure uniform treatment, a
minimum target treatment temperature of 150°C was selected (i.e., the minimum
temperature the coolest regions of the soil pile would attain).  Experience from past ISTD
projects indicates that after the water is boiled off, the superheated soil becomes
desiccated, increasing its gas permeability by several orders of magnitude.  In addition, at
superheated temperatures below the boiling points of the COCs, their vapor pressures
will rise sufficiently (e.g., to > 100 mm Hg) to ensure their rapid desorption from the soil
matrix.  Past research and field experience with other high-boiling compounds such as
PCBs and PAHs (Stegemeier and Vinegar, 2001) suggests that the COCs at the Corinna



site will be completely removed after several days of the coolest portions of the soil
volume having achieved 150°C.

Based on analytical modeling TerraTherm has conducted, adopting conservative
input parameters for soil properties, it was expected that a target temperature of 150°C
would be achieved throughout the soil pile within 30 days of heating with a 4-foot (1.2
m) spacing between thermal wells.  The majority of the soil volume would have achieved
considerably higher temperatures by that time, with maximum soil temperatures near the
heaters approaching 700°C.  Past research indicates that typically 95-99% of the
contaminant mass is destroyed as the vapors are drawn through superheated soil in
proximity to the heater-vacuum wells (Stegemeier and Vinegar 2001; Baker and
Bierschenk, 2001).

PILOT TEST SETUP AND OBJECTIVES
In order to evaluate the applicability of TerraTherm’s IPTD system to treat soils

at the Eastland Woolen Mill, a pilot-scale test was conducted in two 55-gallon (208 L)
drums located at the mill (see Figure 2). Band heaters were installed around the outside of
the drums to simulate the heating from a thermal well.  Drum 1 was filled with
contaminated soil from the stockpiled soil requiring treatment and Drum 2 contained
clean “cutback soil” excavated to access the contaminated soil.

FIGURE 2.  Pilot Test Layout

During the treatment phase of the pilot test the drums were connected in series
with clean air entering Drum 1 and the vapors flowing from Drum 1, through Drum 2,
and then on to the AQC unit (see Figure 2).  The second drum was pre-heated to the
target treatment temperature prior to initiating heating of the first drum.

The objectives of the pilot test were as follows: (1) Evaluate whether the soil in
the pre-heated drum, representing a treated soil pile, could serve as an effective vapor
pre-treatment medium while ending up with COC concentrations that achieve soil

Drum 2
(insulated)

Drum 1
(insulated)

Heat
Exchanger

GAC
Vessel



cleanup objectives, i.e., showing that contaminants are not merely transferred from the
contaminated soil to the clean soil; (2) Determine if the exhaust from the pre-heated soil
drum has low levels of emissions; and, (3) Determine that emissions from the GAC drum
are consistent with attainment of Maine Ambient Air Guidelines (MAAGs) at the
fenceline.

Thermocouples were installed within the soil contained in each drum, one
adjacent to the circumference of the drums in proximity to the band heaters, and one in
the center of the drums which, being farthest from the band heaters, were the last
locations to heat up.  Data from the thermocouples therefore bracketed the range of soil
temperatures experienced in the drums.  Pre-treatment sampling of the soil designated for
each drum was conducted and a composite sample from each drum was submitted to a
USACE-certified lab for the following analyses: (1) Polychlorinated Dibenzo-Dioxins
and Furans (PCDD/Fs) by EPA Method 8290, (2) DRO analysis by Method ME 4.1.25,
and (3) Total Organic Carbon (TOC).  In addition, 5 discrete soil samples from each
drum were collected and submitted to an on-site lab, for volatile organic compounds
(VOC) analyses of the soil by Modified EPA Method 8021B and soil moisture content
analyses by EPA Method 160.3.

PILOT TEST OPERATION
Drum 2 was heated until its central thermocouple achieved a temperature of

150�C. This temperature represented soil in the cooler, interwell regions of a fully-heated
soil pile.  By this time, superheated soil in the proximity of the band heaters was
considerably hotter.  A source of fresh air was supplied to Drum 2 during pre-heating of
the clean soil.  The exhaust from Drum 2 was piped to an AQC system, which consisted
of a small air-to-air heat exchanger and a 55-gal (208 L) drum of GAC.  It took
approximately 30 hours to pre-heat Drum 2 to the target temperature.    Drum 1 was then
connected between the air supply and the inlet port of Drum 2, and heating of Drum 1
began.  As before, the exhaust from Drum 2 was piped to the AQC system.  Vapor
samples were collected from the inlet and outlet of Drum 2 and from the GAC discharge
two times per day, over a 2-day heating period, for a total of 12 vapor samples.  These
samples were analyzed for VOCs by Modified EPA Method TO-15. After the target
temperature of 150�C was maintained for approximately 24 hours in Drum 1, the heaters
were shut off, the piping disconnected, and representative composite soil samples were
collected from each drum.  These samples were analyzed at a USACE-certified analytical
laboratory for PCDD/Fs by EPA Method 8290.  TerraTherm also submitted 5 discrete
soil samples from each drum to an on-site lab, which conducted VOC analyses of the soil
by Modified EPA Method 8021B and soil moisture content analyses by EPA Method
160.3.

PILOT TEST RESULTS
Figure 3 shows the temperature data collected from Drum 1 and 2 during the pilot

test. There are several notable interactions evidenced in Figure 3, which will be
individually discussed.  First, Drum 1 (which was the drum containing the contaminated
soil) was not heated until Drum 2 was preheated sufficiently.  As such, Drum 1 heating
began shortly after noon (10/30 12:00 PM on the temperature figures) on the second day
of the pilot test.  Following the preheating of Drum 2, the internal temperatures of



Drum 1 gradually increased over the first 18 hours, followed by the “steam drive” at
100oC (212oF), where the soil-bound water was driven off. The initial high temperatures
exiting Drum 1 (D1 out) was attributed to a cartridge heater present in the exit of the
Drum 1 line, which was intended to simulate the effect of the heater element in the
vacuum well. The cartridge heater failed during the second day of operation, as indicated
by the lower temperatures in the “D1 out” vapor stream later in the pilot test.

The temperature history of Drum 2 shows the relatively rapid heating of the drum
initially, followed by the prolonged period of steam drive (see Figure 3). It is likely that
the edge of the drum was desiccating ahead of the center, since the heat was provided by
band heaters on the circumference of the drum at three heights.
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FIGURE 3.  Temperature Histories for Drums 1 and 2

Figure 3 also shows an interesting temperature spike in the “D2 out” occurring the
afternoon of 10/31, followed by a relatively rapid temperature decrease. This
phenomenon is attributed to the effect of the stream drive from Drum 1 passing through
Drum 2 and becoming superheated by the high temperatures in Drum 2.  When the steam
drive from Drum 1 ceased, the total vapor flow through Drum 2 decreased rapidly and the
heat losses from the piping to the surroundings resulted in the cooler temperatures
observed later in the Drum Test.

Figure 4 compares the level of chlorinated benzenes in the soils used in the test
drums before and after the Drum Test. As expected, Drum 1 contained elevated levels of
chlorinated benzenes, with a total of over 35,000 ppb of chlorinated benzenes. Prior to
the Drum Test, even Drum 2 (filled with “cutback soil”) measured roughly 2% of the
level in Drum 1.  After the Drum test, Drum 1 contained less than 1% of the starting level
of aromatics and Drum 2 was non-detect for all analytical tests. It is apparent that the
conditions utilized during the Drum Test are effective at removing the chlorinated
benzenes from the soil matrix in the test drums.  Figure 4 also shows the levels of dioxins
in the soils before and after the pilot test, in addition to the “Pre Drum 2” level of furans
for comparison to the dioxin levels. These data indicate that dioxins were not generated
during the heating of the soil in Drum 1 or Drum 2.  Moreover, the levels of
dioxins/furans in the pre-treatment soil samples were below the soil standard of 1 ppb
TEQ.  As discussed above, the starting material in Drum 1 contained elevated levels of
chlorinated benzenes. Figure 5 shows the measured levels of tri- and dichlorobenzenes



after Drum 1 and after Drum 2 in the vapor phase during the pilot test (note that the start
of Drum 1 heating is the starting point of the x axis of Figure 5).  The vapor phase levels
exiting the GAC canister are not shown, since all but one data point was “below
reportable limits” of the analytical method and the concentration of the one “hit”
represented a 99.8% removal efficiency.  Data presented in Figure 5 present a consistent
pattern in that Drum 2 did not effectively remove the chlorinated benzenes, once
volatized from Drum 1.  In contrast, the GAC treatment of the cooled vapor stream was
shown to be highly effective.

F IGURE 4.  Pre- and Post-Treatment Concentrations of
Chlorinated Benzenes and PCDD/Fs

FIGURE 5. Tri- and Dichlorobenzene Concentrations in Vapor Phase

DISCUSSION
A mass balance performed on the data from the pilot test indicates that 60 to 75

percent of the original chlorobenzenes were destroyed by IPTD. The majority of the
destruction likely occurred in Drum 1 after the steam drive. The chlorinated benzenes that
were steam stripped from Drum 1 during the steam drive were largely transported
through Drum 2 and removed effectively by the GAC canister. The 95-99% of the
contaminant mass that is typically destroyed within the soil during ISTD and IPTD is
attributable to the slow passage of contaminant vapors through superheated soil in the
proximity of operating heater-vacuum wells, prior to the collection of the gas from the
soil for aboveground treatment (Stegemeier and Vinegar 2001).  Soil temperatures in the
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proximity of heater-vacuum wells are generally in the 400-500�C range.  By contrast, the
use of the band heaters around the circumference of Drum 2 and the lack of a heater-
vacuum well within Drum 2 limited the maximum soil temperature to ~230�C, thereby
also limiting the amount of in-soil destruction that could occur there.  Baker and
Bierschenk (2001), summarizing the work of Kuhlman (2001), report that for polycyclic
aromatic hydrocarbons heated to 230�C, pyrolysis is too slow to result in significant
amounts of destruction.  Oxidation rates, while higher, are still orders of magnitude
slower within soil at 230�C than would occur at 400-500�C.  Although we lack similar
data for chlorobenzenes, the same trends can be expected.

SUMMARY
The pilot test indicated that TerraTherm’s IPTD technology is potentially capable

of removing chlorinated benzenes from the soils at the Eastland Woolen Mill site and
ultimately meeting the remedial target soil concentrations.  In addition, vapor emissions
from the GAC drum were below the method detection limits for all but one sample,
indicating that TerraTherm’s IPTD would be capable of attaining the Maine Ambient Air
Guidelines (MAAGs) at the fenceline.  Although the overall performance of the pilot test
was promising, design and operational limitations prevented a true evaluation of the
feasibility and effectiveness of using a heated/treated soil pile for pre-treatment of the
vapors.  The pilot test did demonstrate that in situ distillation and steam stripping
processes can effectively remove chlorinated benzenes at temperatures below their
boiling points.  It is believed that if the vapors produced during the distillation and steam
stripping phase were to have passed through a typical superheated region around a
heater/vacuum well (soil temperatures of 400-500�C), very high in-situ destruction
efficiencies (e.g., 95-99%) would have occurred.  In addition, comparison of the pre- and
post-treatment 2,3,7,8-tetrachloro-dibenzodioxin toxicity equivalent (TEQ) data indicated
that IPTD did not create dioxins during the course of the pilot test.
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CHLOROBENZENE NAPL OXIDATION USING POTASSIUM
PERMANGANATE: BENCH- AND FIELD-SCALE DEMONSTRATION

 
John F. Horst (jhorst@arcadis-us.com); Kurt A. Beil; Frank C. Lenzo; and

Suthan S. Suthersan, Ph.D. (ARCADIS G&M, Inc., Langhorne, Pennsylvania)

ABSTRACT:  Potassium permanganate (KMnO4) was selected for use in a short-term
field demonstration of chemical oxidation at an active industrial site in the eastern United
States. The demonstration was designed to evaluate the feasibility of using permanganate
(MnO4

-) to destroy separate-phase, adsorbed-phase, and dissolved-phase
monochlorobenzene (MCB) and 1,2-dichlorobenzene (DCB) present in the saturated soils
and groundwater beneath the Site. A bench-scale treatability study confirmed the
suitability of the technology for application at the Site. During the field demonstration,
approximately 1,540 pounds of KMnO4 were delivered to the subsurface in the form of a
three-percent solution (by weight) through a series of ten injection events completed over
a period of 12 weeks. The results of groundwater monitoring conducted during the field
demonstration indicate that 1) the selected delivery method is effective and 2) the KMnO4
was able to overcome the natural reductive poise throughout the pilot test area.  However,
it appears that the ability of the permanganate to sustain reaction with the target
compounds was limited by an insufficient concentration of permanganate in the
subsurface. An attempt to overcome this limitation through the use of an alternate source
of permanganate with a higher solubility, such as sodium permanganate (NaMnO4), has
been proposed.

INTRODUCTION:
The subject Site is an active industrial facility located in the eastern United States.

Overburden at the Site is comprised of unconsolidated deposits of silty sands and gravels
ranging in thickness from approximately 30 to 65 feet.  Specifically, surficial soils are
comprised of an approximately 5 foot thick layer of fill material.  Beneath the fill
material, a layer of ablation till (poorly sorted sand, silt, and gravel) extends to between
25 and 45 feet below land surface (bls) to a layer of dense basal till ranging from 5 to 20
feet in thickness.  The basal till lies directly over the regional bedrock.  Groundwater at
the site occurs in both the unconsolidated deposits and the fractured bedrock, and is
encountered at an average depth of approximately 4.5 feet bls.

Elevated concentrations of MCB and DCB in groundwater indicate the presence
of non-aqueous phase liquid (NAPL) in localized areas throughout the Site.  The
elimination of NAPL in such areas would remove the continuing source of groundwater
impacts, thus reducing the total duration and cost to achieve Site-wide remediation goals.
In support of this objective, in-situ chemical oxidation was selected for application in the
form of a pilot-scale demonstration. Following an evaluation of available oxidation
techniques, permanganate (MnO4

-) in the form of potassium permanganate (KMnO4) was
selected for use in the pilot demonstration. This oxidant was selected for several reasons, as
follows: 1) commercial availability; 2) high comparative oxidation potential; 2) ability to
oxidize compounds with carbon-carbon double bonds, such as those found in MCB and



DCB (LaChance, 1998; Meyers, 1998; Oberle, 2000); 3) ability to react under a wide
range of pH conditions and at normal groundwater temperatures (Meyers, 1998; Oberle,
2000); 4) ability to diffuse into lower permeability zones in heterogeneous geologic
environments, such as those encountered at the Site (LaChance, 1998); and, 5) the low-
energy of the resulting chemical reactions as compared to other oxidation technologies,
such as Fenton’s reagent. The final pilot demonstration work plan provided for the
following:

� A bench-scale treatability study to confirm the suitability of the selected
oxidation technology for application at the Site.

� A well network including two injection wells, six monitoring wells, and two
sets of three piezometers.

� Delivery of permanganate to the subsurface through a series of ten injections
involving a dilute KMnO4 solution.

� Groundwater monitoring, including a baseline-sampling event prior to the
injections, five sampling events during the injections, and one sampling event
one to two months following completion of the injections.

Evaluation of the treatability study results, the success of the selected delivery
method, and the data from the groundwater monitoring activities would be evaluated to
determine whether the pilot demonstration was successful and the technology should be
retained for use at the Site.

TREATABILITY STUDY
Prior to initiating the field demonstration, a bench-scale treatability study was

completed in a laboratory.  The objective of the study was to estimate oxidant demand in
the Site subsurface.  In order to complete the test, a bulk saturated soil sample and a bulk
groundwater sample were collected in the area selected for the pilot demonstration and
submitted to the ARCADIS laboratory in Durham, North Carolina. Upon receipt of the
soil, the bench-scale treatability study was initiated.  The key elements of the study were
as follows:

� At the laboratory, the Site soil was homogenized and analyzed for total
organic carbon (TOC) content. A total of five samples were analyzed for
TOC: four were analyzed using the Walkley-Black method, which does not
detect elemental carbon (charcoal/coal); and one was analyzed using the Lloyd
Kahn method, which does detect elemental carbon.

� The homogenized soil was spiked with 1,000 microliters of MCB and 500
microliters of DCB (this equates to approximately 1,210 milligrams of MCB
and 655 milligrams of DCB).  The spiked homogenate was left undisturbed
for ten days to allow time for the MCB and DCB to achieve partitioning
equilibrium.  The homogenate was then used to fill three equal-volume glass
test columns.



� Each test column was saturated with clean water. In a closed-loop, the water in
each test column was circulated several times to assure that equilibrium
conditions had been achieved.  Pre-treatment desorption samples of the water
were then collected and submitted for VOC analysis.

� 500 milliliters (ml) of a 3% KMnO4 solution was then introduced into each
test column.  In each column, the initial dilution resulted in a 1.89% solution
that was recirculated until the concentration of KMnO4 stabilized.

� The KMnO4 solution was then drained, and each column was flushed once
with clean water. Post-treatment desorption samples were collected from this
water and were submitted for VOC analysis.

Based on numerous published studies and the results of similar testing previously
completed in the ARCADIS laboratories, it was assumed that the permanganate molecule
could effectively oxidize dissolved-phase constituents with carbon-carbon double bonds
(such as MCB and 1,2-DCB).  In an effort to make the treatability study more cost-
effective, concentrations of the constituents of concern (COCs) in the permanganate
effluent were not measured.  The treatability study focused on the total oxidant demand
assuming that reductions in COC concentrations were the result of successful oxidation.

The overall oxidant demand is generally comprised of two elements: contaminant
demand and matrix demand.  The matrix demand is principally comprised of naturally
occurring organic material in the soil that will consume the oxidant.  Matrix demand is
generally larger than contaminant demand, such that it controls the magnitude of the
overall oxidant demand at a Site.  Consequently, soils with high organic content can
result in a matrix demand that is hundreds to thousands of times greater than the
contaminant demand, making oxidation technology impractical due to cost. Conversely,
soils with minimal organic content can result in a very low overall oxidant demand.
Based on the results of the TOC analyses, the natural organic carbon content in the Site
soil is minimal, less than 500 milligrams per kilogram (mg/Kg), confirming the Site as an
ideal candidate for oxidation technology.

The VOC analytical results of the pre- and post-treatment samples collected
during the study are summarized below:

Measurement
Dissolved In Soil Dissolved In Soil

(ug/L) (mg/Kg) (ug/L) (mg/Kg)

Pre-treatment concentration 61,667 34,333 32,667 30,333
Post treatment concentration 346 <38 650 140

Apparent reduction: 99.4% 99.9% 98.0% 99.5%

Notes:
ug/L Micrograms per liter

mg/Kg Milligrams per kilogram

1,2-DCBMCB



Using the average concentrations of MCB and DCB detected in the desorption
samples, a conservative estimate of the sorbed-phase concentration of MCB and DCB
was developed using published organic carbon/water partitioning coefficients (USEPA
1996b; Montgomery and Welkom, 1990) and equilibrium relationship equations
(USEPA, 1996a).  Knowing the average mass of the soil matrix in each test column, the
total sorbed-phase mass of MCB and DCB oxidized in each column could be then
determined. By comparing these results to the average total KMnO4 consumed by each
column, Site-specific oxidant utilization ratios were determined for MCB and DCB, as
follows:

� 35 pounds of KMnO4 required to oxidize 1 pound of MCB (35:1)

� 54 pounds of KMnO4 required to oxidize 1 pound of DCB (54:1)

The above utilization ratios take into consideration the matrix demand created by
the naturally occurring organic material in the Site soil. Due to the lack of matrix demand,
the utilization ratios determined through the treatability study are less than ten times the
stoichiometric utilization ratio of approximately 6:1 for both MCB and DCB. As
previously mentioned, matrix demand can range from hundreds to thousands of times
greater than the contaminant demand. Consequently, the results of the treatability study
confirm the suitability of the technology for application at the Site.

PILOT DEMONSTRATION WELL NETWORK
The well network associated with the pilot demonstration was installed in an area

of the Site where sufficient impacts were known to be present.  The well network was
configured such that both the performance of the oxidation process and the extent of the
resulting in situ reactive zone could be evaluated.  The injection wells were configured to
target two discrete lithologic zones in the Site subsurface, one shallow and one deep (just
above bedrock). The monitoring wells were arranged radially around the injection points,
and were configured to monitor the entire saturated interval across which the chemical
oxidant would be injected. The layout and profile of the pilot demonstration well network
are depicted on Figures 1 and 2, respectively.

FIELD ACTIVITIES
A total of 10 injection events were completed over a period of 12 weeks.  Over

the course of the injection events, a total of 1,540 pounds of KMnO4 was delivered to the
subsurface in approximately 6,000 gallons of solution (approximately 3 percent by weight).
In conjunction with the injection events, a total of seven groundwater sampling events were
completed (one baseline, five during the treatment period, and one post-treatment). Based
on the data collected, the following observations can be made:

� Injection pressures were negligible through all ten events, indicating that
precipitation of manganese dioxide (MnO2, a by product of KMnO4 oxidation
reactions) had a minimal effect on the soil permeability in the pilot area. This
validates the effectiveness of the delivery method selected for the pilot
demonstration.



FIGURE 1: Pilot Demonstration Well Network, Layout

FIGURE 2: Pilot Demonstration Well Network, Profile



� The injected KMnO4 was successfully delivered to the formation and distributed
throughout the entire treatment area of the pilot demonstration. This is apparent
based on the increase in dissolved potassium and manganese concentrations in
groundwater samples collected from the monitoring wells, an increase in the
specific conductivity of the groundwater at the monitoring locations, and the
presence of unreacted KMnO4  at the monitoring locations.

� The KMnO4 was successful in overcoming the natural reductive poise
(naturally occurring organic carbon and other sources of oxidant demand in
the aquifer). This is evident by the significant increase in oxidation-reduction
potential (ORP) throughout the treatment area.

� Evidence of the reaction between permanganate and the target compounds was
observed in at least two of the monitoring well locations, as follows: 1) a 92%
decrease in MCB concentration at MWB-1; and 2) a 75% decrease in MCB
and 84% decrease in 1,2-DCB concentration at MWB-2 (see chart below).
However, target compound concentrations in most of the pilot test monitoring
wells exhibited stable to fluctuating trends, indicating that the ability of the
permanganate to sufficiently react with the target compounds was limited.

CONCLUSIONS
Because the oxidation reaction associated with permanganate is dependant upon

both the concentration of the target contaminant and the permanganate concentration
(second order reaction), an insufficient concentration of permanganate in the subsurface
would diminish its ability to react with the target compounds (Yan, 1998; Urynowicz,

MCB and DCB Concentration Trends Observed at
MWB-2
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2000).  The low solubility of KMnO4 only permitted the injection of a three percent by
weight solution. Once injected, the three percent solution was further diluted in the
treatment area after mixing with groundwater.  This, in turn, appears to have limited the
ability to sustain the desired reaction rates throughout the entire treatment area.  We
believe that the limited reaction between the oxidant and the target compounds can be
overcome through the use of an alternate source of permanganate with a much higher
solubility. Specifically, sodium permanganate (NaMnO4) has a solubility ranging up to 50
percent by weight. By increasing the strength of the injected permanganate solution, the
resulting in-situ permanganate concentrations should reach a point adequate to sustain
sufficient reaction with the target compounds throughout the entire treatment area.
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Three Full-scale DNAPL Removal
Projects - Was It Worth It?

Dean Williamson and Paul Favara,
CH2M HILL

Barbara Nwokike/US NAVY, Southdiv



Sites to be Discussed

• Electrical Resistance Heating for
PCE Removal at a Dry Cleaner,
Charleston Naval Complex

• In-situ Chemical Oxidation Using
Fenton’s Reagent for a
Dichlorobenzene Site, Charleston
Naval Complex

• In-situ Chemical Oxidation Using
Fenton’s Reagent for a TCE site,
Naval Training Center Orlando



AOC 607 - A Former Dry Cleaner
Impacted by PCE

Dry cleaner operated from
1942 to 1995

PCE in groundwater above
26,000 ug/L

Groundwater contaminated
primarily from 5 to 12 ft bgs

Clay aquitard at ~ 11 to 12
ft

Site groundwater
hydraulically influenced by
sanitary sewer

IM goal was PCE DNAPL
mass removal and 95%
reduction of dissolved
phase





Overview of ERH IM at AOC 607

• Thermal Remediation Services, Inc. - ERH
Subcontractor - Design, Construction, and O&M

• Target Treatment Area (TTA)
 CVOC Concentrations > 2,000 µg/L Footprint ∼
16,525 ft2

• Treatment Interval From Groundwater Table to 12
ft bls

• Start-Up - October  2001
• Anticipated System Operation of 124 Days
• 97 Electrodes; Two 500 KVA Power Control Units



ERH Electrode Field at AOC 607



ERH Results at Shutdown

• 279 Days of Operation (October 2001 to July 2002)
• Maintained Boiling Temperature of PCE at 7 ft bls

(89°C) for 77 Days and at 11 ft bls (92°C) for 23 Days
• 5 of 12 Monitoring Wells - Total CVOC Reduced > 88 %
• 247 Pounds of CVOCs and 234 Pounds of PCE

Recovered
• 21 Percent Reduction in Total CVOCs (dissolved) in

the TTA; 65 Percent PCE Reduction (dissolved) in the
TTA

• CVOC Rebound in Half of the Monitoring Wells -
January 2003



Baseline PCE > 500 ug/L at AOC 607



July 2002 PCE > 500 ug/L



January 2003 PCE > 500 ug/L



March 2004 PCE > 500 ug/L



Baseline CVOC Plume > 1000 ug/L 2001



July 2002 CVOC Plume > 1000 ug/L



January 2003 CVOC Plume > 1000 ug/L



March 2004 CVOC Plume > 1000 ug/L



Changes in VOC Concentrations After
ERH; Well F607GW011, Charleston
Naval Complex

Prior to
ERH (ug/L)
7/2001

After ERH
(ug/L)
3/2004

% change

PCE 5600 283 -95%
TCE 430 520 +20
Cis-DCE 440 1060 +140
VC <250 6.3
Total VOC 6470 1066 -83%



ERH Results at AOC 607

• 247 Pounds of CVOCs and 234 Pounds of
PCE Recovered During ERH Operation

• 94% reduction in dissolved phase PCE, 66%
reduction of total dissolved CVOC

• Greater proportions of TCE, DCE, and VC
now compared to PCE that prior to ERH

• Dehalococcoides genetic material detected in
site groundwater using 16S RNA PCR

• Pilot biostimulation currently underway using
potassium lactate



SWMU 196  - A Site Impacted with
Chlorobenzene and Dichlorobenzenes

Chlorobenzene and
Dichlorobenzenes greater
than 10,000 ppb, from
unknown source

Groundwater contaminated
from 5 to 15 ft bgs

Marsh clay aquitard at 15 ft

Shipyard Creek
immediately adjacent to
site and required
monitoring to evaluate
potential for mobilization of
contaminants

Goal was 90% reduction of
dissolved phase



ISCO Applied Via Closely Spaced Injectors



ISCO Using Fenton’s Reagent Was
Implemented in 3 Phases

• Phase 1 - Nov 2001; 11 injectors at 2 elevations with 3 ft
screens, 32,600 lbs of 50% H2O2 injected
– minimal change in dissolved phase concentration

noted
• Phase 2 - Mar 2002; 28 additional injectors, 50,000 lbs of

50%H2O2 injected
– 56 % reduction in dissolved phase concentration

noted
• Phase 3 - Jul 2002; 6 additional injectors, 31,000 lbs of

H2O2 injected
– 82 % reduction in dissolved phase concentration

noted in Sept 2002
– But only 54 % reduction noted in December 2002



Total Chlorobenzenes - March 2002



Total Chlorobenzenes - Sept 2002



Total Chlorobenzenes - Dec 2002



Response of Multiple Wells in Source
Area Over Time Shows Some Rebound

Time Series at Source Wells
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Conclusions for SWMU 196

• ISCO was effective in partial mass reduction,
though expectations were not achieved

• Treatment was aggressive but could not prevent
rebound in some source area wells

• Downgradient wells that have not exhibited
rebound to-date may show an increase in
concentrations as source area GW moves
towards them

• Additional treatment (aerobic biostimulation) in
process of being implemented.



SA17 - NTC Orlando
• 9-acre site formerly served as Defense

Property Disposal Office (DPDO)
• High concentrations of TCE and daughter

products in soil and groundwater
• Depth To GW about 5 ft bls
• Aquifer consists of interbedded sands and

clays
• Most Contamination located between 10

and 40 ft bls



SA 17 Site Cross Section



Overview of ISCO  Treatment
and Sampling  at SA17

• Sampling
Events
–Base Line
–Post-Phase 1
–Mar ‘02
–Apr ‘02
–Jul ‘02
–Oct ‘02
–Jan ‘03
–Jun ‘03

• Injection Events
–Nov ‘00 and
Jan ‘01 as
Phase 1
(shallow)
–Mar 2002 -
Focus on
Deeper Zone
–Aug 2002
–Sep 2002



CVOCs > 1000 ug/L Before and After
ISCO at SA 17



Recent Source Area Delineation
Efforts

• 45 MIP Locations to focus on specific
areas and provide additional
information on lithology

• Seven groundwater borings - four to
five groundwater samples per boring

• 10 soil borings -  five soil samples
per boring



Source area still remains at SA 17



ISCO Assessment at SA 17

• Partial mass removal accomplished
• Dissolved phase plume TCE

concentrations reduced by 88 percent
• ISOC unable to treat some portions of

source area
– reasons include lack of hydraulic

connection, preferential flow paths
• Residual source area continues to

release TCE to groundwater



Current Status for SA 17

• Diffuse portion of plume treated to
levels that allows MNA

• Defined source area exists in tighter
soils at several discrete depths

• Alternate source area actions (e.g.,
excavation, other chemical type
treatment) being evaluated



Conclusions for Three Sites - Was it
Worth It?
• ERH at AOC 607  - Probably Worth It

– latest results are promising, may allow for site
closure  within foreseeable future (10 - 15 years?)

– Relatively expensive IM (>$1MM)
• ISCO at SWMU 196 - Maybe/Maybe Not

– Partial mass removal but substantial source area
and plume remain

– May have reduced ultimate source lifetime
somewhat

• ISCO at SA 17 - Probably Worth It
– Plume size reduction and partial mass removal

achieved but substantial source area remains
– May have reduced ultimate source lifetime

somewhat
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Variability of biological degradation of aromatic 
hydrocarbons in an aerobic aquifer determined by 
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ABSTRACT 

The biological aerobic degradation of 7 aromatic hydrocarbons (benzene, toluene, o-xylene, 
p-dichlorobenzene, o-dichlorobenzene, naphthalene and biphenyl) was studied for 149 days in 
replicate laboratory batch experiments with groundwater and sediment from 8 localities repre- 
senting a 15 m x 30 m section of an aerobic aquifer. Compared to biologically deactivated 
control experiments all compounds were biologically degraded. Degradation curves were very 
reproducible for some compounds (benzene, toluene, o-xylene, o-dichlorobenzene and p- 
dichlorobenzene) and less reproducible for other (naphthalene and biphenyl). Based on 
observed length of lag phases, length of the degradation periods and percent degradation, 
the variation among the 8 localities appears to be modest. However, detailed examination of 
the degradation rates revealed statistically significant variation among localities for benzene, 
toluene, naphthalene and biphenyl, but not for o-xylene, o-dichlorobenzene and p-dichloro- 
benzene. The maximum variation in degradation rates was 15 times in the case of biphenyl. 
Significant co-variation in degradation rates was found between benzene and toluene, and 
between p- and o-dichlorobenzene. 

INTRODUCTION 

During recent years comprehensive research has been performed on the 
biological degradation of specific organic compounds in aquifers (e.g., 
Ghiorse and Wilson, 1988; van Beelen, 1990). Most of the reported investi- 
gations have focused on biological degradation under aerobic conditions and 
have, in most cases, involved laboratory batch experiments with groundwater 
and/or sediment from actual aquifers. In general, the reported investigations 
show that many organic compounds can be degraded in aerobic aquifers, but 

*Corresponding author. 
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hardly any investigations have addressed the variability of the biological 
degradation within the aquifer. How different would the results have been if 
the groundwater and/or aquifer sediment for the experiment had been 
obtained, within the same aquifer, a few meters away from the actual 
sampling point? 

The usefulness of evaluating biological degradation in an aerobic aquifer on 
the basis of laboratory experiments involving one or two groundwater and/or 
sediment samples of the entire aquifer seems dubious in view of the emerging 
documentation of small-scale heterogeneities of aquifers with respect to 
hydrogeology (Sudicky, 1986; Bjerg et al., 1992), hydrogeochemistry (Peder- 
sen et al., 1991; Bjerg and Christensen, 1992) and microbiology (Albrechtsen 
and Winding, 1992). The realized hydrogeological, hydrogeochemical and 
microbial variations could support variations in degradation of organic com- 
pounds due to variations in transport and availability of bacteria, substrate, 
nutrients and electron acceptors. 

The purpose of this study is to investigate the variability in biological 
degradation of 7 aromatic compounds in laboratory batch experiments repre- 
senting 8 localities within a small section (15 m x 30 m) of an aerobic aquifer. 
Each locality is represented by duplicate experiments in order to sort out 
experimental uncertainty and variations of the aquifer with respect to 
degradation. The question on how well laboratory batch experiments repre- 
sent the actual degradation processes in the aquifer is not specifically 
addressed in this study, but the study used a laboratory batch experimental 
method, involving a combination of groundwater and the fine particles of the 
aquifer sediment, that previously has been reported to resemble actual con- 
ditions in the aquifer fairly well. Holm et al. (1992) compared in situ methods 
and laboratory methods (full sediment and groundwater, fine sediment 
particles and groundwater, and groundwater only) for the same aquifer as 
used in this study and found that the laboratory batch experiments with fine 
aquifer particles and groundwater gave little experimental uncertainty and 
results comparable to results obtained in in situ microcosms as described by 
Nielsen et al. (1992). The importance of the fine particles is probably related to 
the fact that the majority of the bacterial biomass in aquifers is associated with 
the silt and clay fraction of the sediment. Albrechtsen (1994) showed for the 
actual aquifer that 80-95% of the bacteria were associated with the fine 
fraction of this aquifer sediment (< 55 #m). 

MATERIALS AND METHODS 

Description of the aquifer 

The study was performed with sediment and groundwater from a shallow, 
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Fig. I. Geographical location of Vejen in Denmark and location of the sampling points in the aerobic 
aquifer. 

unconfined, glaciofluvial sandy aquifer 1 km north  of  Vejen City in Jutland, 
Denmark  (Fig. 1). The thickness of  the aquifer is ,-~ 10 m and the water table is 
located 3-5  m below the ground surface. The bo t tom of  the upper  aquifer 
consists of  strata of  clay and silt. The annual  precipitation in the area is 

700-900 m m  and the groundwater  pore flow velocity is on the order of  
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150-200 m yr -1 . The hydrogeochemistry and the hydrogeology of the aquifer 
are described in detail by Bjerg and Christensen (1992) and Bjerg et al. (1992), 
respectively. The studied part of the aquifer is influenced by farming activity, 
resulting in increased concentrations of NO3 and K + in the groundwater 
(Pedersen et al., 1991). The Vejen Landfill is located ~ 400 m upgradient of 
the study area, but does not significantly affect this part of the aquifer, which 
is fully aerobic (Lyngkilde and Christensen, 1992a, b). 

Field sampling 

Location. Groundwater  and sediment samples were taken at the same depth 
(1.5-2 m) below the groundwater table from the aerobic aquifer in 8 localities, 
within an area of 15 m × 30 m, as shown in Fig. 1. 

Groundwater sampling. One-inch (2.54 cm) iron pipes equipped with an iron 
tip, a 10-cm screen and a Teflon ® check valve were driven into the ground by a 
Cobra ® jackhammer.  A 10-mm-I.D. Teflon ® tube was lowered into the iron 
pipe, and groundwater was pressed through the Teflon ® tube to the ground 
surface by nitrogen pressure, for further details consult Lyngkilde and 
Christensen (1992a). The well was developed by discarding 10 borehole 
volumes of water before groundwater sampling. Groundwater samples were 
stored at 10°C in brown 2.5-L glass bottles with plastic caps. Bottles and caps 
were washed in acid and consecutively dry-sterilized and autoclaved. Ground- 
water samples were collected to measure concentrations of organic and inor- 
ganic compounds and to provide water for the microcosms. 

Sediment sampling. After groundwater sampling, the iron pipe was 
removed, and a sediment sample was collected in the same point as the 
groundwater sample. Sediment samples were collected by manual equipment 
(Eikelkamp '~) in a 10-cm-cased borehole with a stainless-steel bailer. Sedi- 
ment samples were stored at 10°C in 2.5-L polyethylene buckets for 1 week. 
Samples were collected for characterization of the 8 localities and for provid- 
ing sediment for the microcosms. 

Preparation, loading and sampling of microcosms 

The laboratory batch microcosms were made in 2.5-L glass bottles 
equipped with a glass valve used in sampling (Fig. 2). Groundwater was 
saturated with 02 by bubbling atmospheric air through a diffuser for ~ 1 h 
in order to ensure aerobic conditions throughout  the experimental period. A 
suspension of sediment and groundwater was made by mixing 1 kg of wet 
sediment with 1 L of groundwater in a dry-sterilized 5-L bottle. After 1 min of 
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Fig. 2. Laboratory batch microcosm. Glass bottle of  2.5 L closed by a glass stopper equipped with a glass 
tube. Fine sediment particles from 1 kg of  groundwater sediment and 1 L of groundwater is supplied to the 
bottle for the laboratory degradation experiments. 

sedimentation, groundwater and suspended clay and silt particles were trans- 
ferred to the microcosm bottle. Again 1 L of groundwater was mixed with the 
sediment in the 5-L bottle and the procedure was repeated to yield a micro- 
cosm containing ~ 5 g of clay and silt and 2 L of groundwater. This procedure 
was previously used by Holm et al. (1992). After preparation of the micro- 
cosm, a mixture of specific organic contaminants dissolved in water was added 
to the suspension. The specific organic compounds included ~ 150 #g L 1 
(+20%) each of phenolic hydrocarbons (phenol, o-cresol, o-nitrophenol, 
p-nitrophenol, 2,6-dichlorophenol, 2,4-dichlorophenol, 4,6-o-dichlorocresol, 
pentachlorophenol), chlorinated aliphatic hydrocarbons (1,1,1-trichloro- 
ethane, trichloroethene, tetrachloromethane, tetrachloroethene, 1,1,2,2-tetra- 
chloroethane) and aromatic hydrocarbons (benzene, toluene, o-xylene, p- 
dichlorobenzene, o-dichlorobenzene, naphthalene, biphenyl, nitrobenzene, 
phenanthrene, dibenzothiophene, fluorenone). 

The microcosms were incubated in the dark in a slowly rotating box at 10°C 
for a period of 149 days. During this period, samples were collected for 
analysis of specific organic compounds, 02, NO3 and dissolved organic 
carbon (DOC). A slight overpressure was maintained in the microcosm by 



3 1 0  P.H. NIELSEN AND T.H. CHRISTENSEN 

forcing atmospheric air into the microcosm with a syringe. Before sampling, 
sediment was allowed to settle. When opening the valve, a water sample was 
pushed out of the microcosms into a sample bottle by the over pressure. 

For each of  the 8 localities 2 replicate batch microcosms were established. 
Including the 2 biologically deactivated control batch microcosms a total of 
18 experimental batch microcosms were included in the study. Each micro- 
cosm was sampled 24 times to establish well-defined degradation curves. 
Biologically deactivated control experiments were made by poisoning two 
microcosms with 250 mg L -1 of formaldehyde. 

Analytical procedures 

Groundwater characterization. Samples for DOC, NH4 ~, Fe 2+ and Mn 2+ 
analysis were preserved with sulphuric acid and those for NO3 and NO2 
determination were preserved with mercury chloride. Samples for SO 2- and 
C1- analysis were not preserved. All samples were kept at 4°C until analysis. 
pH and specific conductivity were measured in the field by electrodes (pH: 
WTW SenTix 96®; specific conductivity: Hanna HI 8733®). Dissolved 02 
was measured by Winkler titration (modified for 12-mL volumes). DOC 
analysis was performed on a Dohrmann DC-80 ~ total organic car- 
bon (TOC) analyzer, whereas NH~-, NO3, NO2, SO 2 and C1 were 
quantified by standard autoanalyzer routines (Technicon ® Autoanalyzer 
II). Metals were analyzed on a Perkin Elmer ~) 370 atomic absorption 
spectrophotometer. 

Sediment characterization. Samples of 250 g wet sediment from the aquifer 
was suspended in 1 L 0.002 M Na4P207 solution. The suspension was sieved 
through sieves of 2, 0.2 and 0.075 mm. The coarse fraction of sediment 
(> 0.075 mm) was dried, and weighed. The fine fraction (< 0.075 mm) was 
centrifuged at 3000 rpm, dried, weighed, and resuspended in 20 mL 0.002 M 
Na4P207 solution. The solution was characterized by sedigraphy (Micro- 
meritics ~ 5000 ET sedigraph). After termination of the degradation studies 
sediment from 4 microcosms were also suspended in 1 L 0.002 M Na4P207 
solution and characterized by sedigraphy in the same way as sediment from 
the aquifer. 

Specific organic compounds. During the experimental period, samples were 
analyzed for concentrations of specific organic compounds. In this paper 
results from 7 aromatic hydrocarbons are presented. The aromatic com- 
pounds analyzed include benzene, toluene, o-xylene, o-dichlorobenzene, p- 
dichlorobenzene, naphthalene and biphenyl. Samples of 10 mL were 
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obtained directly into a 10-mL measuring flask and 10 #L of 10 M NaOH 
were added. Afterwards the samples were extracted with 100 #L of pentane 
containing internal standards (isopropylbenzene, heptane and hexadecane). 
The organic compounds were detected on a Carlo Erba Mega 500 ~-R? gas 
chromatograph with N2 as carrier gas (10 mL min-1). The aromatic com- 
pounds were analyzed by injection of 3 #L pentane into a 30-m J&W DB-5 c~, 
0.32 mm (I.D.) capillary column with a film thickness of 1.5 #m, and detected 
by flame ionization detector. Initial oven temperature was 40°C for 5 rain 
followed by an increase to 115°C by 15°C rain -1. This temperature was held 
for 1 min and followed by an increase of 20°C rain -1 to 250°C for 1 min. 

Statistics. The statistic analysis (one-way analysis of variance (ANOVA) 
and correlation analysis) on overall degradation rates were made in Stat- 
graphics © based on the assumption that the overall degradation rates are 
normally and independently distributed, have the same variance, and are 
homogeneous within replicates. 

RESULTS AND DISCUSSION 

Groundwater and sediment characteristics of the 8 localities 

Table 1 presents the groundwater and sediment characteristics of the 8 
localities. The significant concentrations of oxygen and the insignificant con- 
centrations of NH + and Fe 2+ prove that all 8 localities are aerobic. The other 
parameters do show some variation, but large horizontal variations have 
previously been reported for the same aquifer (Bjerg and Christensen, 
1992). Sediment from all localities was sandy with a large fraction of coarse 
sand (> 80%) and very low content of clay and silt (max. 1%). The sediment 
show only minor variation among the 8 localities with respect to texture. The 
variations observed are in general only modest and indicate no systematic 
differences among the 8 localities. 

Control of  aerobic conditions during the experiment 

The addition of atmospheric air to the microcosm as part of the sampling 
procedure ensured aerobic conditions during the 149-day-long experimental 
period. Oxygen was measured 8 times during the experiment and no values 
were below 9 mg L -1. The concentrations of NO3 and Fe z+, as well as pH, 
were measured frequently (data not shown), and were constant, indicating 
that neither NO3 reduction nor Fe(III) reduction were of significance in the 
microcosms. 
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TABLE 1 

Characteristics of groundwater and sediment in 8 localities sampled for the laboratory degra- 
dation experiments 

Locality number 

1 2 3 4 5 6 7 8 

Groundwater: 

Chloride (rag L -1) 27 49 27 45 43 39 
Sulphate (rag L -1) 48 31 65 32 90 95 
Spec. cond. (#S cm -1) 381 292 355 288 281 289 
Oxygen (rag L -1) 2.1 4.8 2.6 5.9 3.5 2.2 
Nitrate (mg L 1) 44 19 40 22 27 36 
Ammonia(mgL -1) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
I ron(I I ) (mgL -1) <0.2  <0.2  <0.2 <0.2  <0.2  <0.2  
Manganese(II) (mg L-l)  0.11 0.3 < 0.1 0.33 0.44 
pH 6.1 5.4 5.7 4.9 5.3 
DOC (rag L ~) 1.0 2.6 1.2 2.2 3.4 

Sediment: 

Gravel, > 2 mm (%) 0 9.4 5.3 1.8 1.9 
Coarse sand, 0.2 2 mm (%) 88 84 91 79 77 
Fine sand, 0.02-0.2 mm (%) 12 6.0 3.4 18 20 
Silt, 0.002-0.02 mm (%) 0.18 0.16 0.25 0.23 0.34 
Clay, < 0.002 mm (%) 0.13 0.23 0.44 0.46 0.68 

39 47 
98 35 

287 288 
3.0 6.1 

40 21 
<0.1 <0.1 
< 0.2 < 0.2 

0.18 0.23 0.21 
5.0 5.3 4.6 
2.2 2.3 3.3 

0 0 2.3 
92 88 73 

7.5 12 24 
0.17 0.23 0.29 
0.15 0.33 0.57 

Fine particles in the microcosms 

The amount of fine particles (< 75 #m) in the microcosms varied between 1 
and 3 g L -1 but was identical within replicates (relative standard deviation: 
5%). Microcosms representing localities with high contents (%) of clay and 
silt in the sediment also tended to have high contents (g L -1) of fine particles 
(< 75 #m) in the microcosms, but substantial scatter was observed (not 
shown). This is probably due to the fact that the microcosms preparation 
method involved sedimentation of  large particles that also might have con- 
sisted as aggregates of smaller particles, as no dispersing agents were used. 
Dispersing agents were used in the determination of the sediment texture 
(refer to section on Materials and Methods). 

Examples of  degradation curves 

Fig. 3 presents benzene, o-xylene, p-dichlorobenzene and biphenyl 
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Fig. 3. Normalized concentrations of benzene, o-xylene, p-dichlorobenzene and biphenyl as a function of 
time in laboratory batch microcosms with sediment from localities 3 and 7 including replicates (A and B). 
The concentrations are normalized by the initial concentration. 

degradation curves for localities 3 and 7 including replicates (A and B). The 
16 degradation curves presented are representative examples of the 112 total 
degradation curves (7 compounds, 8 localities, 2 replicates). 

In the biologically deactivated control microcosms concentrations of the 7 
compounds were stable and no signs of significant degradation or sorption to 
the sediment appeared (data not shown). Sorption of specific organic com- 
pounds to sediment from the Vejen aquifer has been discussed in detail by 
Brusseau et al. (1991) and Larsen et al. (1992 a, b, c). Sorption to sediment was 
not important in this experiment as concentration of sediment in the micro- 
cosms was only 5 g L -1 and the fraction of  organic carbon in the sediment was 
very low (typically 0.025%). It can be calculated that ~ 1% of the most 
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Fig. 4. Sketch of degradation pattern showing lag phase, degradation period, percent degradation, overall 
degradation rate and maximum degradation rate. 

hydrophobic compound (biphenyl) was associated with the sediment in the 
microcosms. 

In biological active microcosms, benzene was degraded to < 2 #g L -1 
within 30 days in both replicates of  localities 3 and 7. The shape of the 
degradation curves are very similar and the only difference is the slightly 
faster degradation of benzene in locality 7 than in locality 3. o-Xylene and 
p-dichlorobenzene were degraded ~ 90% and ~ 80%, respectively, in both 
replicates of localities 3 and 7 within the experimental period of  149 days. The 
shapes of the degradation curves of o-xylene and p-dichlorobenzenes are very 
similar. Biphenyl was degraded to < 2 #g L -l in both replicates of localities 3 
and 7 within 40 days. The replicates of  locality 3 are very similar, whereas the 
replicates of locality 7 exhibit some variation. However, biphenyl degradation 
seems to be somewhat faster in locality 7 than in locality 3. 

Quantification of degradation patterns 

Lag phase (days), degradation period (days), percent degradation, maxi- 
mum degradation rate (#g L -~ day 1) and overall degradation rate (#g L -1 
day -l)  were estimated by subjective measurements as illustrated in Fig. 4 to 
compare all degradation curves for all localities and replicates. 
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TABLE 2 

Degradation results for 7 aromatic hydrocarbons in 16 149-day laboratory batch microcosm 
experiments 

Initial Lag phase Degradation period Percent degradation 
concentration a ±stand. dev. +stand. dev. ±stand. dev. 
(#g L -1) [Range] [Range] [Range] 

Benzene 140 4.6 ± 1.4 31.5 ± 12.9 97.8 ± 0.7 
[2 7] [16 61] [97-98] 

Toluene 143 4.1 4- 1.8 26.64- 11.0 99.8 ±0 .2  
[2-7] [16-44] [99-100] 

o-Xylene 141 4.7 + 1.9 82.0 + 0.0 b 86.9 ± 5.3 
[2-7] 82 [83 95] 

p-Dichlorobenzene 120 4.9 i 3.3 82.0 ± 0.0 b 78.3 ± 5.9 
[0-7] 82 [75 78] 

o-Dichlorobenzene 119 4.5 + 2.6 82.0 + 0.0 b 81.0 ± 5.2 
[0 7] 82 [79-82] 

Naphthalene 150 4.5 ± 2.3 15.2 ± 8.4 99.9 ± 0.1 
[2 9] [9 44] 100 

Biphenyl 152 4.5 + 2.2 29.7 ± 34.3 100.0 ± 0.0 
[2 7] [5 149] 100 

Lag phases (days), degradation periods (days) and percentage degradation are for each com- 
pound average values of 16 degradation curves. 
aConcentration of each compound was similar in all microcosms. 
bDegradation stopped between day 75 and day 82 in all the 16 experiments. 

Table 2 summarizes initial concentrations, lag phases, degradation periods 
and percent degradation for all 7 compounds based on degradation curves 
from the 16 microcosms. The lag phases were all very short (2-9 days) and 
very similar in all localities and all replicates for all 7 compounds, whereas the 
degradation period and percentage degradation differed for the different 
compounds. Benzene, toluene, naphthalene and biphenyl were all degraded 
to <2 #g L -1 within 1 month whereas the degradation of o-xylene, 
p-dichlorobenzene and o-dichlorobenzene continued for a period of ~ 3 
months until 5-20% of the compound were left. The three compounds were 
degraded to approximately the same degree in all microcosms. Sampling was 
once per week in this period and degradation stopped between day 75 and day 
82 in all microcosms. Biphenyl was degraded fast in some localities (e.g., 
locality 7) and slower in other localities (e.g., locality 3), but < 2 #g L -a 
was left in all experiments. 

In general, the variations among the 8 localities seem relatively moderate. 
Where the largest variation is observed (biphenyl), the degradation is fairly 
rapid, thus reducing the environmental significance of the variation. However, 
a closer examination of the degradation rates does reveal some statistically 
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Fig. 5. Overall degradation rates for 6 aromatic hydrocarbons in 8 localities in a 15 m × 30 m area of an 
aerobic aquifer (solid bars = replicate A; open bars-  r ep l i ca t e  B). 

significant variations. The overall degradation rates for all compounds 
(excluding o-dichlorobenzene which in terms of degradation rates is very 
similar to p-dichlorobenzene) are for all experiments, shown as bar diagrams 
in Fig. 5. 

Small uncertainties in sampling of microcosms and in gas chromatography 
analysis caused significant variation in maximum degradation rates (cf. Fig. 4) 
because they often were estimated from only 2 or 3 observations. Overall 
degradation rates were usually estimated from much more observations and 
were preferred for the comparison of degradation patterns. 

Overall degradation rates." variation among localities 

Fig. 5 shows three features with respect to variation in overall degradation 
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TABLE 3 

Correlation matrix (r) among overall degradation rates for 7 aromatic hydrocarbons in 8 
replicated laboratory batch experiments 

Benzene Toluene o-Xylene p-Dichloro- o-Dichloro- Naphtha- Biphenyl 
benzene benzene lene 

1 0.77 -0.14 0.03 -0.06 -0.09 0.34 
1 0.42 0.26 0.23 0.11 0.30 

1 0.65 0.69 0.54 0.27 
1 0.85 0.59 0.66 

1 0.41 0.37 
1 0.55 

1 

Benzene 
Toluene 
o-Xylene 
p-Dichlorobenzene 
o-Dichlorobenzene 
Naphthalene 
Biphenyl 

rates (see Fig. 4 for definition): (1) for benzene and toluene, the experimental 
variation among replicates is very small, although the variation among 
localities with respect to overall degradation rates is both substantial (up to 
a factor of 4) and statistically significant (5%); (2) for o-xylene, o-dichloro- 
benzene (data not shown) and p-dichlorobenzene, the experimental variation 
is also very small, but the localities showed no statistically significant dif- 
ferences with respect to overall degradation rates; and (3) for naphthalene 
and biphenyl, the experimental variation is substantial, but the differences (up 
to a factor of 15 for biphenyl and 6 for naphthalene) among localities are 
statistically significant (5%). The experimental variation with respect to 
naphthalene and biphenyl is to some extent due to the fast degradation of 
these compounds, complicating the exact estimation of the overall degra- 
dation rates. 

The localities studied are too few to allow for a geostatistical analysis of the 
spatial variations in the overall degradation rates observed for benzene, 
toluene, naphthalene and biphenyl. 

Overall degradation rates." correlation among compounds 

Table 3 presents the correlations (r) observed among the 7 compounds with 
respect to overall degradation rates. The only important correlations are 
between the two d i c h l o r o b e n z e n e s  ( r 2 =  0.72) and between benzene and 
toluene ( r2= 0.59). Fig. 6 presents the corresponding overall degradation 
rates for benzene and toluene. The correlation is close for all localities except 
localities 1 and 3, where toluene degradation is much faster than benzene 
degradation in both replicates (Fig. 6). Since the replicates are very similar, 
it appears that localities 1 and 3 may differ from the other 6 localities. Locality 
1 and 3 are both located in the south part of the sampling area (Fig. 1) and 
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Fig. 6. Overal l  deg rada t ion  rates for benzene and toluene in 8 locali t ies  in a 15 m x 30 m area of  an  aerobic  

aqui fer  (sol id bars  - benzene;  open  bars  = toluene).  A and B are replicates.  

according to Table 1 these two localities may have slightly different ground- 
water composition than the other localities: pH is slightly higher, the specific 
conductivity is slightly higher, and chloride is slightly lower. However, many 
other factors may also vary, e.g. the microbial population, and no conclusions 
can be made as to the reasons for this apparent deviation. 

C O N C L U S I O N S  

Based on the results of the 149-day-long laboratory degradation experi- 
ment, the following conclusions can be made: 

Benzene, toluene, o-xylene, naphthalene, biphenyl, p-dichlorobenzene and 
o-dichlorobenzene were biologically degraded in 8 localities representing a 
15 m x 30 m section of an aerobic aquifer. All compounds showed short 
lag phases (max. 9 days). Benzene, toluene, naphthalene and biphenyl were 
degraded to < 2 #g L -l in all replicates from the 8 localities and p- and 
o-dichlorobenzene were degraded to ~ 80% in all replicates of the 8 different 
localities, whereas o-xylene was degraded ~ 85% in all microcosms. 

The laboratory batch microcosm technique was very reproducible for some 
compounds (benzene, toluene, o-xylene, p- and o-dichlorobenzene) and less 
reproducible for other compounds (naphthalene and especially biphenyl). 

The overall degradation rate of benzene, toluene, naphthalene and biphenyl 
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varied significantly among localities (up to a factor of  15 for biphenyl), 
whereas no variation among localities was observed for o-xylene, o-di- 
chlorobenzene and p-dichlorobenzene. 

The overall degradation rates for p- and o-dichlorobenzene and for benzene 
and toluene, respectively, showed significant correlation. 

The performed laboratory experiments showed a fairly modest  variation 
among the sampling points with respect to degradation of  aromatic hydro- 
carbons under aerobic conditions. The study showed that all eight sampling 
sites in the aquifer had the potential to degrade the studied compounds  but 
some variations with respect to degradation rates were observed for some of  
the compounds  in the completely mixed batch reactors. Variations in actual 
degradation rates in the field may differ from the variations documented in the 
laboratory experiments because in the field, additional variations may be 
caused by local variations in mass transfer of  compounds  and nutrients. 
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ABSTRACT:  The uppermost aquifer beneath a chemical plant contains residual 
concentrations of o-nitrochlorobenzene from a tank car spill, as well as other plant-
related organic compounds of concern (COC), including 2-nitroaniline and o-
chloroaniline.  The aquifer consists of low permeability clays and silts, and produces 
only a few gallons of groundwater per day from a shallow recovery well previously 
installed for remediation.  Soil removal was the principal  mechanism to treat the tank 
car spill.  Subsequent recovery of residual groundwater contamination has been 
ineffective for more than 10 years due to low aquifer yield, and the recalcitrant nature of 
the COC. Aerobic treatment was facilitated using the Oxygen Release Compound 
(ORC).  The treatment area was approximately 80 square meters and the depth of 
treatment was approximately 6 meters of aquifer profile. The DO and ORP 
measurements were highly variable, but trended up for the first three months following 
ORC injection.  The DO and ORP trends began to decrease approximately six months 
following injection.  The DO ranged between 3.5 mg/l and 10.7 mg/l, and the ORP 
ranged between 291 mV and 367 mV during this six month period.  Maximum 
contaminant concentration reductions observer during the pilot test varied from 28% to 
83%, and rebound was detected following the effective life of the ORC.  The relatively 
low sorption of the compounds to soil, and the influx of contaminated groundwater into 
the pilot test area indicate that a permeable bioremediation-barrier represents the most 
effective remedial option for this site. 

 
INTRODUCTION 

A field-scale pilot study to evaluate in-situ treatment of the compounds of 
concern (COC) was performed.  Aerobic treatment of various COC in soil systems has 
been reported to be highly variable (Abou-Rizk et al., 1995;  Myers et al., 1995; Zappi 
et al., 1995), and the goal of the pilot test was to establish that aerobic bioremediation 
of the COC was a viable option at this site.  Oxygen Release Compound (ORC), 
manufactured by Regenesis Bioremediation Products in San Juan Capistrano, 
California, is a patented formulation of magnesium peroxide that slowly releases 
molecular oxygen when hydrated, thereby facilitating aerobic bioremediation of the 
COC.  Numerous remedial options were evaluated, and ORC was identified as the 
preferred method to oxygenate the aquifer.  The ORC releases oxygen slowly over a 
period of 6 to 9 months, which corresponded to the scheduled testing period. 



MATERIALS AND METHODS 
The ORC design/loading rates were based on dissolved organic compound 

mass in the treatment area, as well as dissolved oxygen (DO) concentrations and 
oxidation-reduction potential (ORP) measurements.  The ORC was injected in a grid 
pattern around the recovery well which continued to extract groundwater, thereby 
enhancing the rate of oxygen movement through the treatment area. 

Baseline COC sampling was performed prior to ORC injection, and the post-
treatment monitoring protocol included DO and ORP in addition to the COC.  A 
supplementary investigation is planned to measure the potential for the contaminants to 
partition from the adsorbed phase into the dissolved phase.  A soil core will be obtained 
from the site during pending investigation efforts to facilitate this analysis. 

RESULTS AND DISCUSSION 
Table 1 depicts the efficacy of the six month bioremediation process at this site for the 
COCs.  Figures 1 to 3  illustrate the reductions over time in the COCs as measured in 
monitoring well F-2, which is located in the central portion of the pilot test area.  Figure 
4 illustrates the changes in dissolved oxygen (DO) and Figure 5 describes the oxidation-
reduction potential (ORP) at the site during the pilot test. 
 
CONCLUSIONS 

The bioremediation process effectively reduced dissolved masses of  o-
nitrochlorobenzene, 2-nitroaniline and o-chloroaniline, and also reduced dissolved mass 
of other COCs.  Rebound of the COC concentrations were observed after the oxygen 
from the initial ORC treatment was spent.  The project will be expanded to include a 
long-term barrier design using ORC to continuously deliver oxygen to the aquifer, and 
eliminate the potential for off-site migration of dissolved COC. 

 
TABLE 1.  Maximum decrease in dissolved compounds of concern 

concentrations following ORC treatment. 

Compound % Concentration Reduction 

1,2-dichloroethane 28.3 

1,2-dichloropropane 61.0 

chlorobenzene 63.5 

naphthalene 54.5 

2-chlorophenol 38.7 

2-nitroaniline 82.1 

nitrobenzene 54.5 

o-chloroaniline 82.8 
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FIGURE 1.  Change in 1,2-DCA and 1,2-DCP concentrations following   ORC 

application. 
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FIGURE 2.  Change in 2-nitroaniline and o-chloroaniline concentrations 

following ORC application. 
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FIGURE 3.  Change in chlorobenzne, nitrobenzene, o-nitrochlorobenzene, 
naphthalene and 2-chlorophenol concentrations following ORC application. 
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FIGURE 4.   Change in dissolved oxygen following ORC application. 
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FIGURE 5.  Change in ORP following ORC application. 
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Abstract

New in situ reactive barrier technologies were tested nearby a local aquifer in Bitterfeld, Saxonia-

Anhalt, Germany, which is polluted mainly by chlorobenzene (CB), in concentrations up to 450 AM.

A reactor filled with original aquifer sediment was designed for the microbiological remediation of

the ground water by indigenous bacterial communities. Two remediation variants were examined: (a)

the degradation of CB under anoxic conditions in the presence of nitrate; (b) the degradation of CB

under mixed electron acceptor conditions (oxygen + nitrate) using hydrogen peroxide as the oxygen-

releasing compound. Under anoxic conditions, no definite degradation of CB was observed. Adding

hydrogen peroxide (2.94 mM) and nitrate (2 mM) led to the disappearance of CB (ca. 150 AM) in the

lower part of the reactor, accompanied by a strong increase of the number of cultivable aerobic CB

degrading bacteria in reactor water and sediment samples, indicating that CB was degraded mainly

by productive bacterial metabolism. Several aerobic CB degrading bacteria, mostly belonging to the

genera Pseudomonas and Rhodococcus, were isolated from reactor water and sediments. In

laboratory experiments with reactor water, oxygen was rapidly released by hydrogen peroxide,

whereas biotic-induced decomposition reactions of hydrogen peroxide were almost four times faster

than abiotic-induced decomposition reactions. A clear chemical degradation of CB mediated by

hydrogen peroxide was not observed. CB was also completely degraded in the reactor after reducing

the hydrogen peroxide concentration to 880 AM. The CB degradation completely collapsed after

reducing the hydrogen peroxide concentration to 440 AM. In the following, the hydrogen peroxide

concentrations were increased again (to 880 AM, 2.94 mM, and 880 AM, respectively), but the
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oxygen demand for CB degradation was higher than observed before, indicating a shift in the

bacterial population. During the whole experiment, nitrate was uniformly reduced during the flow

path in the reactor.

D 2003 Elsevier B.V. All rights reserved.

Keywords: Aquifer; Chlorobenzene; Enhanced natural attenuation; Degradation; Hydrogen peroxide; Nitrate

reduction

1. Introduction

Until 1990, the soil and ground water in the Bitterfeld/Wolfen district (Saxony-Anhalt,

Germany) were steadily contaminated as a result of open cast lignite mining and related

chemical industries pursued for more than a century. The contaminated area is about 25

km2 in size and has a total volume of approximately 200 million m3. The main

contaminants are halogenated aliphatic (e.g. chlorinated ethenes) and aromatic (e.g.

chlorinated benzenes) compounds. A local aquifer nearby the town of Bitterfeld was

chosen to develop and test new in situ reactive barrier technologies under the German

ground water remediation project SAFIRA (Merkel et al., 2000; Weiss et al., 2001). In situ

reactive barriers, which are considered to be more efficient and cost-effective than

traditional pump-and-treat methods, allow the passage of ground water while promoting

the degradation or removal of contaminants. Most techniques are currently at the

development stage (Radisav and Frederick, 1996; Weiss et al., 2001). The reactive barrier

technologies tested in the Bitterfeld pilot plant are based on various chemical, physical and

biological processes. The whole on-site pilot plant in Bitterfeld consists of five shafts

spaced 19 m apart, each with a depth of 23 m and a diameter of 3 m, housing a total of 20

reactors (Merkel et al., 2000; Weiss et al., 2001). Two reactors of shaft 5, both 12 m long

and filled with original aquifer sediment, were designed for the microbiological remedi-

ation of the ground water by indigenous bacterial consortia (Vogt et al., 2002a). Since the

ground water at the test site is principally contaminated by chlorobenzene (CB),

remediation mainly means the in situ degradation of CB. Two different remediation

approaches were tested in a long-term study: (a) CB degradation under anoxic conditions

in the presence of nitrate, since the results of preliminary degradation experiments under

these conditions in microcosms and on a semi-technical scale had been encouraging

(Wuensche et al., 2000); (b) CB degradation under mixed electron acceptor conditions

(oxygen + nitrate). The latter variant is based on the aerobic oxidation of CB, using

hydrogen peroxide as oxygen-releasing compound. Nitrate was added as supplementary

electron acceptor, the idea being to create mixed electron acceptor conditions (nitra-

te + oxygen) in zones of low dissolved oxygen concentrations in order to save oxygen.

Over the last 10 years, many aromatic compounds have been shown to be mineralizable

under anoxic denitrifying conditions by bacterial isolates or mixed cultures, e.g. benzene

(Burland and Edwards, 1999; Coates et al., 2001), toluene (Dolfing et al., 1990),

ethylbenzene (Rabus and Widdel, 1995), xylene isomers (Dolfing et al., 1990; Rabus

and Widdel, 1995), phenolic compounds (Schink et al., 2000), 3-chlorobenzoate and 4-

chlorobenzoate (Haeggblom et al., 1993, Haeggblom and Young, 1999). For the
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chloroaromatic compounds 2-chlorobenzoate and 2-chlorophenol, a non-reproducible

degradation was observed (Haeggblom et al., 1993, 2000). However, no report exists to

date which convincingly describes the degradation of CB under anoxic denitrifying

conditions. In contrast, aerobic degradation and mineralization of CB by pure bacterial

strains has been demonstrated by several authors (Reineke and Knackmuss, 1984; de Bont

et al., 1986; Schraa et al., 1986; Spain and Nishino, 1987; Haigler et al., 1988; Sander et

al., 1991; Stoecker et al., 1994; Zaitsev et al., 1995; Kiernicka et al., 1999). Most of the

CB degrading strains mentioned were isolated from field sites with a history of CB

pollution. In this context, Nishino et al. (1994) observed that the capability to degrade CB

was solely linked to CB-contaminated sites, and van der Meer (1998) revealed that

horizontal gene transfer and genetic recombination of existing genes between indigenous

microorganisms were the mechanisms for the evolution of CB degrading bacterial strains

on such a site.

Successful treatment of CB-contaminated ground water in aerobic bioreactors was

reported by Nishino et al. (1994) and Klěcka et al. (1996); the latter used a granular

activated carbon fluid-bed bioreactor with high removal efficiency. However, to our

knowledge there are no reports describing an enhanced in situ bioremediation technology

for CB. For the test reactors, we decided to apply hydrogen peroxide as an oxygen-

releasing compound for the following reasons: the substance is (a) cheap, (b) easy to dose,

and (c) rapidly decomposes. Decomposition occurs in subsurface systems by the action of

microbial enzymes and several inorganic catalysts to give 0.5 mol oxygen per mol of

hydrogen peroxide consumed, with microbiologically mediated catalytic reactions by the

enzyme catalase being described as the most substantial (Spain et al., 1989; Pardieck et al.,

1992; Anid et al., 1993; Fiorenza and Ward, 1997; Zappi et al., 2000). Thus, hydrogen

peroxide provides an oxygen supply several orders of magnitude more concentrated than

that achievable from saturating water with pure oxygen, when added to the environment in

an elevated concentration (Pardieck et al., 1992).

In the present study, results of both remediation approaches tested in one reactor

(reactor 1b) are shown.
2. Material and methods

2.1. Area description

The test site is located south east of the town of Bitterfeld. The subsurface consists

predominantly of gravel, which is embedded in lignite, and Bitterfeld mica sand. The

upper 3 to 4 m of the sediments are water free (vadose zone). Beginning at a sediment

depth of approximately 20 m, the aquifer is separated by a lignite seam into a Quaternary

and a Tertiary aquifer (Dermietzel and Christoph, 2001; Weiss et al., 2001). The upper

strata contain lignite particles as well, the highest amounts being in regions near the seam

(Weiss et al., 2001). Overall, three aquifers are separated by watertight layers. The reactors

of the in situ pilot plant were supplied exclusively with ground water from a deeper zone

(19.5 m) of the Quaternary aquifer in which the contaminants are strongly stratified:

ground water from a depth of 5–9.5 m is almost non-polluted; at a depth of 9–16 m, CB is
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the dominating contaminant, with a concentration of approximately 18 AM; at a depth of

16–22 m, CB concentrations increase to as much as 450 AM. The electrolytic conductivity

is not uniformly distributed either: in the lower, highly polluted zone, conductivity is

between 1500 and 2700 AS m� 1, compared to only 900 AS m� 1 close to the surface. The

ground water, with an average temperature of 14 jC and a pH of 6.6–6.8, was collected

from a depth of 19.5 m by a horizontal well (HW 5). The ground water is rich in SO4
2�

(7–9 mM) and Cl� (up to 13 mM), and contains NH4
+ (300–400 AM) and PO4

3� (80–120

AM). The oxygen concentration is below 1 AM, H2S and NO3
� are below the detection

limit (Vogt et al., 2002a). Total cell counts were in the range of 106 cells ml� 1.

2.2. Reactor design

Reactor 1b (R. 1b) of shaft 5 is made of stainless steel, 12 m long and has a diameter of

600 mm (Fig. 1). Original aquifer sediment was used to fill the reactor. Besides gravel and

Bitterfeld mica sand, the sediment contains 0.31–0.65 mass% iron, and up to 12.5 mass%

lignite (Vogt et al., 2002a). Before filling, the sediment was stored for 6 weeks in two tanks

flooded with ground water from the contaminated zone of the Quaternary aquifer, and

covered by a foil made of polyethylene. The reactor was operated in flow-through mode

from bottom to top at a flow rate of 4.7 l h� 1, leading to a residence time of approximately

10 days for water according to a conductivity tracer test (data not shown). Auxiliary

substances (concentrated hydrogen peroxide and/or nitrate solution) were stored in tanks

(filling quantity: 60 l) made of stainless steel, and added to the inflowing ground water by

a flexible-tube pump and feed lines made of stainless steel at a rate of 0.043 l h� 1.

Reactor sediment and reactor water were sampled anoxically from reactor sample ports

using specially designed lances (UIT, Dresden, Germany). Sediment samples were

immediately transferred into sterile sample bags and stored in an anaerobic jar (Anae-

rocultR A, Merck, Germany). Reactor water was collected brimful in screw plug flasks.

Both sediment and reactor water samples were stored at 4 jC until further processing in

the laboratory. Further processing was carried out within 24 h.

2.3. Microbiological and biochemical methods

Total cell counts in the ground water were determined by staining using 4V,6-diamino-

2V-phenylindol-dihydrochlorid (DAPI; Porter and Feig, 1980). Ground water was treated

with ultra sound (3 min, 30 W) to extract bacteria from particles, stained with DAPI (1 Ag
ml� 1) for 15 min and subsequently concentrated onto black polycarbonate filters (0.2 Am
pore size; Corning Costar, No. 110656). The filter was washed with particle-free water and

mounted on a glass microscope slide in 10 Al phosphate-buffered saline/glycerol. DAPI-

stained cells were identified and enumerated by means of a fluorescence microscope (Zeiss

Axioskop equipped with a filter set for UV-excitation). It was not possible to determine the

total cell counts in reactor water because particles interfered.

Viable cell counts (MPN) for CB degrading and aerobic bacteria were determined in

ground water, reactor water and reactor sediments as described by Vogt et al. (2002a).

Reactor water and ground water samples and were directly diluted without prior

preparation.



Fig. 1. Schematic diagram of shaft 5 of the SAFIRA pilot plant in Bitterfeld, which contains reactors designed for

the in situ remediation of CB-contaminated ground water. For simplification, only reactor 1b is shown.

C. Vogt et al. / Journal of Contaminant Hydrology 68 (2004) 121–141 125
For the isolation and characterization of pure bacterial strains, liquid from grown MPN

counts for CB degraders (highest grown dilution series) was spread onto plates containing

modified Brunner mineral salt medium (Vogt et al., 2002a) with added agar. Plates were

incubated in an air-filled, closed jar. CB was added as the sole source of energy and carbon

by means of a glass plate filled with 400 Al CB (99.5%), which was placed at the top of the

stacked plates so that the bacteria were supplied with the substrate via the gas phase. Plates

were incubated at room temperature until the growth of colonies was visible; individual

colonies were subcultured on dilution plates and fed with CB until purity was ensured

microscopically. Bacterial strains were identified by primary tests (Gram staining,

morphology, motility and oxidase test), by analyses of fatty acids, which were determined

as methyl esters from whole-cell hydrolyzates by gas chromatography as described by

Haertig et al. (1999), by the BIOLOG (BIOLOG, Hayward, USA) Automated Microbial
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Identification System (Wuensche and Babel, 1996), and by 16S ribosomal DNA analyses

(Alfreider et al., 2002).

Aerobic CB and benzene degradation experiments with pure cultures were performed in

116 ml serum flasks filled with 50 ml CB or benzene-amended modified Brunner medium

(final concentrations of CB and benzene: 1.25 mM). Tested strains were grown on CB on

agar plates at room temperature and transferred to the Brunner medium, to an initial OD600

of approximately 0.03. The flasks were sealed with Teflon-coated butyl rubber stoppers

and aluminium crimps. These batch cultures were incubated on a rotary shaker (111 rpm)

at 14 jC and sampled regularly for substrate depletion and bacterial growth. Bacterial

growth was monitored as the increase in optical density (OD600) compared to sterile

growth medium.

Catechol 1,2-dioxygenase (types I and II) and catechol 2,3-dioxygenase activity were

measured according to Farrell and Quilty (1999).

2.4. Design of the batch experiments with hydrogen peroxide

Inflowing ground water and water from the reactor bottom (reactor height 0.1 m) were

collected brimful in 2-l flasks and immediately processed in the laboratory. To prepare

biotic samples, the waters were purged with nitrogen to remove oxygen and CB. To

prepare abiotic samples, waters were autoclaved (20 min, 121 jC) before purging with

nitrogen. All the following steps were carried out in an anoxic glove-box (Coy Laboratory

Products, USA; gas atmosphere: 95% nitrogen, 5% hydrogen). Abiotic and biotic waters

were portioned brimful in 116 ml serum flasks. Subsequently, 7 ml was removed and

replaced by 5 ml of an anoxic CB stock solution (3.4 mM). The flasks were sealed with

Teflon-coated butyl rubber stoppers and aluminium crimps and incubated at 14 jC
overnight. Afterwards, the flasks were reopened, spiked with hydrogen peroxide (30%;

final concentration: 2.94 mM) and closed again. Two flasks were sacrificed at each point

of time of a single experiment for the analysis of CB and oxygen.

2.5. Analysis methods

CB was analyzed by automated headspace gas chromatography on a CombiPal auto

sampler and a Varian 3800 gas chromatograph equipped with a 0.25 mm (inner

diameter)� 25 m (length) CP SIL 5 CB capillary column (DF 0.12 Am) and a flame

ionization detector. The chromatographic conditions were as follows: injector temperature:

250 jC (split 1:2); detector temperature: 300 jC; oven temperature program: 35 jC (3

min), at 10 jC min� 1 to 65 jC, at 30 jC min� 1 to 260 jC. Liquid test samples (diluted

1:10 or 1:20 in 1.6 mM H2SO4, end volume: 10 ml) were prepared in 20 ml glass vials.

The samples were incubated for 20 min at 35 jC in an agitator (rotation regime: 250 rpm

for 5 s, no rotation for 2 s) prior to analysis. A 1 ml headspace of each sample was

injected. For calibration, diluted standards of CB prepared from stock solutions were

treated in the same way as the samples. Stock solutions were prepared in pure methanol.

3-Chlorocatechol (3-CC) was quantified by high-performance liquid chromatography

(HPLC), using a Shimadzu LC-6A Liquid Chromatograph equipped with a Nucleosil-100

(4 mm ID) column and a Shimadzu SPD-6AV UV–VIS detector (wave lenght 283 nm).
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Samples were eluted isocratically in 40% (v/v) acetonitrile/60% phosphate (pH 2.8), at a

flow rate of 1 ml min� 1.

Chloride, sulfate, nitrate and phosphate were measured using a Dionex DX 500 ion

chromatograph equippedwith anAS-11 column and a CD 20 conductivity detector. Samples

were eluted using a gradient of 1 to 30mMpotassium hydroxide at a flow rate of 1mlmin� 1.

Alternatively, nitrate was analyzed using a Dionex DX-100 ion chromatograph

equipped with an IonPac AS4A Guard (4� 50 mm) precolumn, an IonPac AS4A

(2� 250 mm) column and a conductivity detector. Samples were eluted isocratically in

Na2CO3 (1.8 mM)/NaHCO3 (1.457 mM) buffer at a flow rate of 2 ml h� 1.

Nitrite and ammonia was analysed photometrically using Merck test Spectroquant

1.12776.0001 and 1.14752.0001, respectively (Merck, Germany). Sulfide was measured

by means of an amperometric microsensor (AMTAnalysentechnik, Germany). The oxygen,

pH and electrolytic conductivity in the ground water from the Bitterfeld test site were

determined using a Multilab 540 measuring instrument (WTW, Germany). A CellOx 325

oxygen sensor and a pocket digital measuring instrument (WTW, Germany) were used to

measure oxygen in the laboratory experiments addressing the disproportionation of

hydrogen peroxide (see above). All the chemicals used throughout this study were of

analytical quality.
3. Results

3.1. Reactor operation under anoxic denitrifying conditions

After approximately 210–260 days’ of flushing ground water through the reactor, a

steady state situation had emerged, since the CB concentrations in the effluent did not
Fig. 2. Concentrations of CB (n horizontal well 5 (influent), 5 effluent) and nitrate (. effluent) during the

operation of reactor 1b. Phase I: addition of nitrate (1 mM); Phase II: addition of hydrogen peroxide (2.94 mM)

and nitrate (2 mM).



Fig. 3. Profile of CB (n), nitrate (.) and nitrite (4) concentrations in reactor 1b, operation day 709. The CB

concentration of the inflowing groundwater was 128.7 AM.
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further increase. The hydro-geological, chemical and microbiological characteristics of the

first 286 days of reactor operation were described recently (Alfreider et al., 2002; Vogt et

al., 2002a). Beginning with operating day 286, nitrate solution (1 mM) was added to the

reactor. In the following 77 days, the effluent CB concentrations did not change

significantly, but more than 95% of the nitrate added disappeared (Fig. 2). Nitrite was

not found in the effluent. Similarly, no degradation of CB under anoxic, nitrate-reducing

conditions (2 mM nitrate) was observed in anoxic batch enrichment cultures made of

aquifer sediments and ground water (data not shown).
Fig. 4. Viable cell counts (MPN) of CB degrading bacteria in sediment samples from different reactor zones,

reactor 1b. Data indicate that CB degrading bacteria were grown in the front part of the reactor after hydrogen

peroxide was continuously added.



Fig. 5. Viable cell counts (MPN) of aerobic bacteria (white bars) and CB degrading bacteria (grey bars) of the

inflowing groundwater and reactor water from 0.1 and 2.5 m, reactor 1b, operating day 696. The corresponding

CB concentrations are indicated.
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3.2. Reactor operation under conditions of hydrogen peroxide (2.94 mM) and nitrate (2

mM) dosage

Beginning with operating day 363, the reactor was amended with hydrogen peroxide

(2.94 mM) and nitrate (2 mM). No nutrients were added, since the ground water

contains nutrients (phosphate, ammonium, sulfate) in sufficient amounts for a productive

degradation of the in situ CB concentrations (see Section 2.1); furthermore, a complete

degradation of CB in the ground water under oxic conditions without addition of

nutrients had been already observed in laboratory batch experiments (Lorbeer and Vogt,

unpublished data; Dermietzel and Vieth, 2002). Beginning with operating day 450, CB

effluent concentrations slightly decreased until operating day 630; thenceforward,
Table 1

CB-degrading strains from reactor sediments, isolated from the highest grown dilution series for viable cell counts

(MPN) for aerobic CB-degrading bacteria

Genera Number of

isolated strains

Rhodococcus sp. 12

Pseudomonas sp. 11

Xanthobacter sp. 2

Acidovorax sp. 1

Paenibacillus sp. 1

Kocuria sp. 1

Stenotrophomonas sp. 1
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concentrations were balanced between 49 and 67 AM CB. The CB concentrations of the

influent dropped between operation days 565 and 610 from more than 200 AM to

approximately 110 AM (for unknown reasons), but slightly increased in the following.

Inside the reactor, on operating day 709, no CB was detectable in the lowermost

sampling reactor zone (0.1 m; Fig. 3). However, CB concentrations increased linearly to

around 30 AM at 4 m reactor height; from 4 m to the effluent (12 m), CB concentrations

increased to a lesser extent, reaching a final concentration of 52 AM. The increase of the

CB concentrations is thought to be caused by desorption from lignite (see discussion).

The nitrate concentrations in the reactor decreased uniformly to final effluent concen-

trations lower than 120 AM nitrate; nitrite was detectable, but never exceeded concen-

trations of 40 AM (Fig. 3).
Fig. 6. Oxygen releasing rate and stability of CB after addition of hydrogen peroxide (2.94 mM) in (A) ground

water of horizontal well 5 (influent of the reactors, not H2O2-adapted, sampled on operation day 705), and (B)

reactor water from sampling point 0.1 m (reactor 1b, hydrogen peroxide-adapted, sampled on operation day 733).

Note that units in (A) and (B) are different. 4 oxygen, biotic; E oygen, abiotic; n CB, biotic; 5 CB, abiotic.
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3.3. Evidences for aerobic microbial degradation of CB mediated by hydrogen peroxide

As shown in Fig. 4, 166 and 300 days after hydrogen peroxide (2.94 mM) and nitrate (2

mM) had been started to dose, the MPN counts of aerobic CB degraders from sediment

samples from the front part of the reactor (0.35 m height) were increased by two orders of

magnitude compared to the reactor operation under denitrifying conditions. In upper

sediments of the reactor, MPN counts of CB degraders were rather balanced. On operating

day 696, MPN counts for CB degraders in reactor water from the lowermost reactor

sample port (0.1 m) accounted for 107 cells ml� 1, up to five orders of magnitude higher

than in the inflowing ground water and the same value as measured for cultivable aerobic

bacteria (Fig. 5). Correspondingly, no CB was detected in the water from a reactor height

of 0.1 m (Fig. 5). In water samples from an upper reactor zone (2.5 m), counts for CB

degraders were four orders of magnitude lower than in the water from the reactor bottom

(Fig. 5). In contrast to reactor water from 0.1 m, water from a reactor height of 2.5 m

contained CB (19.7 AM). Several taxonomically different bacteria were isolated from

reactor sediments and ground water growing on CB as the sole source of carbon and

energy. Most of the isolates belong to the genera Rhodococcus and Pseudomonas (Table

1). As determined by an enzymatic assay, all strains tested so far cleaved the aromatic ring

of benzene and CB exclusively in the ortho position (by catechol 1,2-dioxygenases types I

and II, respectively) after growing on the substrates under fully oxic conditions in batch
Fig. 7. Time-dependent CB concentrations at different reactor stations, operating days 714–1317. Arrows

indicate start of a new H2O2/nitrate dosage regime, respectively. Data until operating day 924 were already

published (Alfreider et al., 2003; Vogt et al., 2002b). #1 (day 719): 0.88 mM H2O2, 2 mM NO3
�; #2 (day 930):

0.44 mM H2O2, 2 mM NO3
�; #3 (day 1061): 0.88 mM H2O2; 2 mM NO3

�; #4 (day 1165): 2.92 mM H2O2; 2 mM

NO3
�; #5 (day 1221): 0.88 mM H2O2; 2 mM NO3

�. n horizontal well 5 (influent); 5 ‘Z’; . 0.35 m; o 0.8 m; E
2.5 m; 4 5.5 m; y effluent.
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cultures. To assess whether the disappearance of CB mediated by hydrogen peroxide is

mainly due to biological or chemical degradation, the stability of CB under abiotic and

biotic conditions was determined in the presence of hydrogen peroxide (2.94 mM), as

were the quantities and rates of oxygen release from hydrogen peroxide as an end product

of chemical or biological decomposition. In ground water not adapted to hydrogen

peroxide, the total amounts of oxygen released were 0.5% and 0.9% of the theoretical

maximum value for the complete disproportionation of hydrogen peroxide ( = 1.47 mM

oxygen; H2O2! 1/2 O2 +H2O) for abiotic and biotic conditions, respectively (Fig. 6A). In

contrast, in water from the lowermost sample port from reactor 1b (0.1 m), the theoretical

maximum value for released oxygen exceeded 90% under biotic conditions 7 min after the

addition of hydrogen peroxide (Fig. 6B). Under abiotic conditions, the rate of oxygen

release was four times lower, reaching 71% of the theoretical maximum value after 240

min’ incubation. The clear chemical degradation of CB mediated by hydrogen peroxide
Fig. 8. Time dependent viable cell counts (MPN) of CB metabolising (A) and aerobic (B) bacteria at different

reactor stations, operating days 696–1276. Data for CB metabolising bacteria until operating day 924 were

already published (Vogt et al., 2002b). 5 0.1 m; n 2.5 m; 4 horizontal well 5 (influent).
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was not observed in either inflowing ground water (Fig. 6A) or reactor water (Fig. 6B), in

which 88.7% and 92.2% of the CB added was recovered after 240 min’ incubation in

biotic and abiotic samples, respectively. Inconsistently, a decrease in CB was measured in

both abiotic (>50% decrease) and biotic (17% decrease) reactor water samples shortly after

adding hydrogen peroxide (Fig. 6B). This is in fact a purely methodological artefact since

much more CB was recovered at the end of the experiment. A major fraction of CB might

well be degraded upon catalysis by excess hydrogen peroxide and Fe(II) in the GC

headspace vial.

3.4. Reactor operation under conditions of different hydrogen peroxide dosage regimes

At operating day 719, the hydrogen peroxide concentration added to the reactor was

reduced to 880 AM, in order to detect how much hydrogen peroxide (and oxygen,

respectively) is needed at least for complete degradation of CB in the presence of nitrate (2

mM). The CB concentrations inside the reactor increased immediately after changing the

dosage regime, at first in the lowermost reactor zones (Fig. 7). At operating day 784, the

CB concentration reached a peak of 82.1 AM CB at 0.35 m reactor height. Subsequently,

the CB concentrations decreased. At operating day 924, no CB was detectable in the first

0.8 m of the reactor; hence, the hydrogen peroxide concentration was once more reduced

to 440 AM. The CB concentrations in the lowermost reactor zones increased promptly and

coincided with the influent concentrations 141 days later. At this point, the dosage regime

was reconverted to 880 AM hydrogen peroxide. In the next 104 operating days, the CB

concentrations decreased in the reactor at first, but slightly increased later. To test whether
Fig. 9. Time-dependent nitrate concentrations at different reactor stations, operating days 733–1248. Data until

operating day 924 were already published (Vogt et al., 2002b). n ‘Z’; 5 0.35 m; . 0.8 m; o 2.5 m; E 5.5 m; 4
effluent.
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oxygen limitation is the reason for the incomplete degradation, the hydrogen peroxide

concentration was increased to 2.94 mM at operating day 1165, which caused a strong

decline of the CB concentrations inside the reactor. Subsequently, the hydrogen peroxide

concentration was again reduced to 880 AM, and the CB concentrations again increased

inside the reactor. 3-Chlorocatechol was never detected in reactor water samples during the

whole experimental time. As can be seen in Fig. 7, the CB concentrations in the reactor

pipeline shortly before reactor entrance (sampling station ‘Z’) were in the majority of cases

lower than the CB concentrations in the horizontal well 5 (influent), indicating CB was

partly degraded already inside the pipeline. Indeed, reactor water from sampling station

‘Z’ was enriched in cultivable CB metabolising bacteria (MPN), as determined by random

sampling from operating day 972 (4� 106 MPN ml� 1), operating day 1030 (3.7� 105

MPN ml� 1) and operating day 1276 (5� 105 MPN ml� 1). Cultivable CB metabolising

bacteria and aerobic bacteria (both MPN) were continuously counted in reactor water

samples from reactor stations 0.1 m and 2.5 m as well as in water samples from horizontal

well 5 (influent) (Fig. 8A,B). At reactor station 0.1 m, counts for CB metabolising bacteria
Fig. 10. Time-dependent nitrite concentrations at different reactor stations, operating days 733–1248. (A): ‘Z’—

0.8 m; (B): 2.5–12 m. o ‘Z’; . 0.35 m; 5 0.8 m; 4 2.5 m; E 5.5 m; w effluent.



C. Vogt et al. / Journal of Contaminant Hydrology 68 (2004) 121–141 135
were, with two exceptions (operating days 854 and 924), between 107 and 1.5� 108 MPN

ml� 1. These MPN counts were three to five orders of magnitude higher than the counts in

reactor water samples from 2.5 m reactor height. The background concentrations of CB

degraders in the influent were between 101 and 102 MPN counts ml� 1. The cell counts for

aerobic bacteria resembled the counts for CB degraders, but were generally higher (Fig.

8B).

Nitrate was reduced in the whole reactor (Fig. 9), independent from the different

hydrogen peroxide dosage regimes. A part of the nitrate seems to be reduced already in the

pipeline before reactor entrance, as indicated by the sporadic nitrite accumulation in water

from sampling station ‘Z’ (Fig. 10A). Nitrite was always detected at reactor station 5.5 m

(Fig. 10B), in contrast to the samples from the other reactor stations, which contained

nitrite irregularly. In general, nitrite concentrations were low, indicating that nitrite was

reduced as well. Beginning with operating day 859, nitrate was frequently detected in the

effluent, indicating a gradual depletion of the electron donor for nitrate reduction inside the

reactor.
4. Discussion

Aerobic biodegradation can be considered an useful strategy for the removal of CB

from contaminated (ground) water. Aerobic utilization and mineralization of CB by a

bacterial isolate was first reported by Reineke and Knackmuss (1984), and was later

demonstrated for other isolates (de Bont et al., 1986; Schraa et al., 1986; Spain and

Nishino, 1987; Haigler et al., 1988; Sander et al., 1991; Stoecker et al., 1994; Zaitsev et

al., 1995; Kiernicka et al., 1999). The common aerobic degradation pathway of CB is

initiated by a dioxygenase attack and the subsequent ortho cleavage of the chlorocatechol

formed, followed by further breakdown reactions and chloride elimination (Reineke and

Knackmuss, 1984; de Bont et al., 1986; Schraa et al., 1986; Spain and Nishino, 1987;

Haigler et al., 1988; Sander et al., 1991; Schloemann, 1994; Stoecker et al., 1994). In most

cases, CB cannot be degraded by enzymes of the meta pathway, because catechol 2,3-

dioxygenase is negatively influenced by either 3-chlorocatecol (Klěcka and Gibson, 1981)

or the product of the meta cleavage of 3-chlorocatechol, a reactive acylchloride (Bartels et

al., 1984). As an exception, a Pseudomonas strain was recently described which degrades

CB using the meta pathway without any toxic effects (Mars et al., 1997). In the pilot plant,

at first 2.94 mM hydrogen peroxide was added to the ground water influent, which would

lead to a maximum oxygen release of 1.47 mM oxygen, if disproportionation were the

only decomposing reaction. CB concentrations in the ground water influent were between

112 and 291 AM CB (Fig. 2), making a maximum of 5–13 mol oxygen per mol CB

available for aerobic CB degraders. For a complete aerobic mineralization, 7 mol oxygen

per mol CB are required. Assuming that 30% carbon is assimilated, the actual oxygen

demand is approximately 2 mol oxygen lower. Therefore, CB degradation should not be

limited by oxygen in situ, if 2.94 mM hydrogen peroxide completely decomposes to

oxygen and water. As demonstrated in Fig. 6B, oxygen was rapidly and stoichiometrically

released in hydrogen peroxide-adapted water sampled from the front part of the reactor

after the addition of hydrogen peroxide, proving that biotic disproportionation to oxygen
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and water was the dominant hydrogen peroxide decomposition reaction, most probably

caused by the enzyme catalase, as described by others previously (Spain et al., 1989;

Fiorenza and Ward, 1997; Zappi et al., 2000). Abiotic disproportionation also occurred,

but evidently proceeded more slowly than biotic reactions (Fig. 6B), possibly caused by

iron ions, since the reactor sediments contain up to 0.65 mass% iron (Vogt et al., 2002a).

On the other hand, in non-hydrogen peroxide-adapted inflowing ground water, biotic and

abiotic oxygen release was irrelevant (Fig. 6A). Furthermore, CB was rather stable in the

presence of 2.94 mM hydrogen peroxide (Fig. 6A,B), indicating that abiotic degradation

reactions of CB caused by hydrogen peroxide could only play a minor role in the liquid

phase of the reactor, if all. The rapid oxygen release observed in hydrogen peroxide-

adapted reactor water is a strong indication that perhaps all the releasable oxygen is indeed

available for microorganisms in the bottom of the reactor. Consequently, CB degraders

ought to be enriched in the system after supplying hydrogen peroxide, and as shown in

Figs. 4 and 5, this enrichment did in fact happen in the front part of the reactor.

Correspondingly, no CB was detected in 0.1 m reactor height on operating days 696

and 709. This proves that oxygen was used by the bacteria for the productive degradation

of CB, and also that oxygen was the only limited factor for the aerobic biodegradation of

CB. MPN counts for aerobic bacteria and CB degraders were similar in reactor water on

operating day 696, indicating that bacterial growth was based exclusively on the

degradation of CB in 0.1 m reactor height at this stage (Fig. 5). CB concentrations

increased linearly inside the reactor (Fig. 3). This behavior might be caused by the

desorption of CB from lignite, because the reactor aquifer sediments contain up to 12.5

mass% lignite (Vogt et al., 2002a). CB, like other halogenated organic compounds,

adsorbs easily to lignite (Dermietzel and Christoph, 2001).

Most of the CB degrading strains isolated were identified as Rhodococci and

Pseudomonads (Table 1), genera which are well known for including strains with the

capability to grow on CB (Spain and Nishino, 1987; Haigler et al., 1988; Stoecker et al.,

1994; Zaitsev et al., 1995). Two strains were classified as Acidovorax species, a

widespread genera and recently detected as highly abundant bacteria in the activated

sludge of wastewater treatment plants (Schulze et al., 1999), but not described hitherto for

CB degradation. One strain was identified as Paenibacillus polymyxa, also a genera not

known for CB degradation to date. In all the Bitterfeld isolates tested so far, chlorocatechol

1,2-dioxygenase activity was detected after aerobic growth on CB, indicating that the cells

might use the modified ortho pathway for CB degradation under this conditions. Reducing

the hydrogen peroxide concentration to 880 AM in the reactor led to a maximal oxygen

release of 440 AM oxygen. The CB concentration in the influent were between 112 and

157 AM in the following (Fig. 7), thus making a maximum of 2.8–3.9 mol oxygen per mol

CB available for aerobic CB degraders. In spite of the low oxygen availability, CB was

completely degraded in the reactor system (Vogt et al., 2002b), possibly in consequence of

an adaptation of the bacterial population to lower oxygen availability, since the CB

concentrations at first increased after reducing the hydrogen peroxide concentration (Fig.

7). Between operating days 733 and 895, several different genes coding for enzymes

which are known to operate in CB degradation pathways were shown to be expressed in

different reactor water and sediment samples (Alfreider et al., 2003), indicating that the CB

metabolising bacterial population was rather heterogeneous, using different pathways for
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CB degradation in situ. However, the bacterial population could not resist to lower oxygen

availability (440 AM hydrogen peroxide, leading to a maximal oxygen release of 220 AM,

thus making a maximum of 1.4–1.9 oxygen per mol CB available for CB degraders),

which resulted in the complete failure of CB degradation (Fig. 7). The complete

degradation of CB by dosing 880 AM hydrogen peroxide could not restored afterwards

(Fig. 7), although the maximal molecules oxygen available per mol CB were in the same

range as adjusted in the first phase of dosing 880 AM hydrogen peroxide. The CB

degradation was limited by oxygen at this stage, since the dosage of higher hydrogen

peroxide concentrations caused a rapid and strong decrease of CB concentrations in lower

reactor zones (Fig. 7). As yet, the complete degradation of CB inside the reactor at a

hydrogen peroxide concentration of 880 AM could not be reproduced. Although a stable

and numerous consortium of bacteria including CB metabolising bacteria had enriched in

the lowermost reactor zone (Fig. 8A,B), a shift of the bacterial population towards an

higher oxygen demand for CB degradation seems to have occurred during the experi-

mental phase in which the reactor was operated with inadequate amounts of hydrogen

peroxide. 3-Chlorocatechol, an intermediary compound of the aerobic CB degradation

pathways known to accumulate especially under oxygen-limited conditions (Fritz et al.,

1992; Nishino et al., 1992), was never detected in reactor water samples. On the other

hand, 3-chlorocatechol can react with oxidants like oxygen or adsorb to aquifer material,

thus being fixed in the system and therefore not detectable. Currently, the CB degrading

bacterial population inside the reactor is studied more closely. The reactor experiment is

still proceeding; it is planned to retain the dosage regime of 880 AM hydrogen peroxide

and 2 mM nitrate as long as a steady state situation has emerged, and to analyse how the

reactor reacts if the nitrate dosage is terminated.

No definite degradation of CB was observed under anoxic denitrifying conditions,

neither in the whole reactor during dosage of nitrate alone, nor in higher, anoxic reactor

parts during dosage of nitrate and different hydrogen peroxide concentrations. The

disappearance of CB under denitrifying conditions has been recently reported by us and

others (Dijk et al., 2000; Rosenbrock et al., 2000; Wuensche et al., 2000). Since the results

of our preliminary degradation experiments in microcosms and at semi-technical scale had

been encouraging (Wuensche et al., 2000), an experimental approach was designed to

degrade CB under anoxic, denitrifying conditions at full technical scale in the in situ

reactors. However, as shown in this study, our previous encouraging results were not

confirmed. We were unable to satisfactorily answer the discrepancies between the results

of the different experiments. The fact that CB degradation under anoxic denitrifying

conditions failed to appear in the in situ reactors could be due to (a) the lack of essential

organic or inorganic factors, (b) inhibition by chemical or physical factors, or (c) the lack

of microorganisms able to perform the degradation reaction(s).

The reason for the observed uniform nitrate disappearance in the reactor (Figs. 3 and 9)

is rather speculative. Biological nitrate reduction apparently occurred; correspondingly,

small amounts of nitrite were detected (Figs. 3 and 10A,B). In general, nitrate was rather

poorly reproducible, which could be due to nitrate reduction in the reactor pipelines before

reactor entrance. On the other hand, the ground water and aquifer sediments do not contain

a carbon source which could be readily oxidized by microorganisms to donate electrons

for a continuous nitrate reduction. A potential electron donor for nitrate reduction is
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ferrous iron, because the reactor aquifer sediments contain up to 0.65 mass% iron (Vogt et

al., 2002a). Autotrophic iron-oxidizing nitrate reducers that grow at neutral pH are

widespread (Straub and Buchholz-Cleven, 1998) and have also been detected in ground

water (Emerson and Moyer, 1997). In initial enrichments, a ferrous-iron dependent nitrate

reduction has already been observed in ground water and reactor aquifer sediments (data

not shown), indicating that such bacteria exist in our system. This subject will be

investigated more closely in future studies. However, since nitrate reduction usually

inhibits sulfate reduction (Londry and Suflita, 1999; Myhr et al., 2002; Percheron et al.,

1999)—which is an undesirable respiration process in the in situ reactors, because toxic

hydrogen sulfide could be released into the environment—the addition of nitrate to the

ground water influent is still useful for this reason, provided that all nitrate is reduced, and

toxic nitrite does not accumulate. This is indeed the case.
5. Conclusions

Addition of hydrogen peroxide (and nitrate) led to productive bacterial degradation of

CB in an in situ reactor designed for the remediation of a CB-contaminated aquifer system,

indicating that oxygen is the only limiting factor for an effective in situ bioremediation.

The result indicate that the biochemistry of CB degradation is promising for an enhanced

natural attenuation strategy based on the addition of hydrogen peroxide and nitrate,

although the hydrogeological mixing issues have not been verified yet.
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REMEDIATION TIME FRAME 
 
Newell and Adamson (in review, 2004a) proposed three simple, planning-level, mass-balance models for 

estimating the reduction in remediation time frame (RTF) for a given amount of source depletion:  step 

function, linear decay, and first order decay.  As a shared framework for assessment, all three RTF 

models use the time required to remediate groundwater concentrations below a particular threshold as a 

metric.  The RTF is quantified based on either 1) completely depleting the source mass (step function and 

linear decay models), or 2) depleting the source mass such that a goal concentration or mass discharge 

rate is achieved (first order decay model). 

 
Planning-level equations are presented below for each model to show the RTF under 1) monitored 

natural attenuation (MNA) conditions, and 2) after partial source depletion has been implemented.  More 

importantly, the relative reduction in RTF due to partial source depletion is shown for each model.  Design 

charts for estimating the change in remediation timeframe vs. the amount of source depletion are also 

presented for the three models. 

 
Step Function Model - The Step Function model assumes that the mass discharge rate remains 

constant as long as any source mass is present, so that the mass discharge rate does not change even 

after partial depletion of the source by remediation activities: 

0( )W t W=
 

where W(t) = mass discharge rate at time t (mass per time), and W0 = mass discharge rate at time 0 

(mass per time). 

 
The RTF for a source depletion project where the source mass is reduced to some remaining fraction 

(RF) value (i.e., a RF of 10% means only 10% of the original source mass remains, and that 90% of the 

mass has been removed by the project): 

0

0

( )( )
SD

M RF
RTF

W
=

 

where RTFSD is the remediation timeframe for a source depletion project, Mo is the original mass of 

contaminant in the source zone (NAPL phase, sorbed phase, dissolved phase, mass dissolved in matrix), 

and RF = fraction of mass of contaminant remaining in source zone immediately after source depletion 

project is completed (unitless). 

 
For the step function model, the RTF for MNA is equal to the original source mass (Mo) divided by the 

original mass discharge rate (Wo): 

0
MNA

0

M
RTF

W
=
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where RTFMNA is the remediation timeframe under MNA conditions (i.e., no source depletion), Mo is the 

original mass of contaminant in the source zone (NAPL phase, sorbed phase, dissolved phase, mass 

dissolved in matrix), and Wo is the original mass discharge rate from the source (mass per time). 

 
Dividing the RTF equation for partial source depletion (RTFSD) by the RTF equation for MNA (RFTMNA) 

gives the fraction of the original remediation timeframe that the source depletion project with a given 

source mass RF will achieve: 

SD

MNA

RTF
RF

RTF
=

  (Step Function Model) 

 
For example, if the step function model of source concentrations is applicable at a site, removing all but 

10% of the source mass with some source depletion technology (i.e., removing 90% of the mass or a RF= 

0.10) will reduce the site RTF to 10% of the RTF under MNA conditions (e.g., a 200 year remediation 

timeframe will be reduced to a 20 year remediation timeframe).  The table below presents a design chart 

summarizing the reduction in remediation timeframe relative to the source mass reduction factor. 

 
Linear Decay Model - The linear decay model assumes that the source zone mass discharge rate 

decreases monotonically over time, starting from an original source discharge rate.  Therefore, the RTF 

for the MNA case is: 

 

( )0

0

(2)
MNA

M
RTF

W
=

 
 
For the case where source depletion is applied, an assumption is made that the slope of the mass 

discharge rate vs. time curve is the same before and after source depletion, or: 

 

0 OSD

MNA SD

W W
RTF RTF

=
 

 
where Wosd is the mass discharge rate immediately after source depletion (mass per time).  In addition, it 

is assumed that the mass discharge rate goal (i.e., the flowrate through the source zone times the 

concentration goal for site closure such as an MCL), when divided by the original mass discharge rate 

leaving the source zone is much smaller than the RF associated with source depletion: 

 

0

gW
RF

W
<<
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where Wg is the mass discharge rate goal (i.e., the flowrate through the source zone times the 

concentration goal for site closure such as an MCL) (mass per time).   

Therefore, the RTF for source depletion is: 

 

0

0

2( )( )
( )SD

SD

M RF
RTF

W
=

 
 
Substituting the equations for Wosd and RTFMNA into the above equation and simplifying, yields the 

following RTF for source depletion: 

 
1

2
0

0

(2)( )( )
( )SD

M RF
RTF

W
=

 
 
Dividing the RTF equation for partial source depletion (RTFSD) by the RTF equation for MNA (RFTMNA) 

gives the fraction of the original remediation timeframe that the source depletion project with a given 

source mass RF will achieve: 

 
1

2SD

MNA

RTF
RF

RTF
=

   (Linear Decay Model) 

 
In summary, the reduction in RTF for the linear decay model is proportional to the square root of the 

reduction factor (see table below). 

 
First Order Decay Model - The first order decay model is based on the assumption that the mass flux 

from a naturally-attenuating site follows a first order decay pattern: 

 
( )( )

0 exp s MNAk RTF
gW W −=

 
 
The mass balance shows that the source decay coefficient (ks or equivalent to kpoint for concentration vs. 

time data originating from the source zone) is equal to the ratio of the mass discharge rate and the 

original source mass as long as the mass discharge rate at any time is assumed to be proportional to the 

source mass at any time.  As shown in Newell et al. (1996) and Wiedemeier et al. (1999), the source 

decay constant (ks) can be defined as: 

 

0

0
s

W
k

M
=
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0

0

t

t

M M
W W

=
 

 
For the source depletion case, the source decay constant (ks) is assumed to be the same before and after 

source depletion.  In other words, while source mass is removed by source depletion, the first order 

decay characteristics of the remaining mass are assumed to be the same: 

 

0

0

OSD

OSD

M M
W W

=
 

 
The RF is the ratio of the source mass immediately after source depletion to the original mass, therefore: 

 

0( )( )OSDM M RF=  
 
The same holds true for mass discharge rate: 

 

0( )( )OSDW W RF=  
 
Using the relationships described above, the RTF for MNA (RTFMNA) is then given by the following 

equation:  

 

0

ln ( )( )g
s MNA

W
k RTF

W
 

= − 
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And the RTF for source depletion (RFTSD) is given by: 

 

0

0 0)
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Dividing the RTF equation for partial source depletion (RTFSD) by the RTF equation for MNA (RFTMNA) 

gives the fraction of the original remediation timeframe that the source depletion project with a given 

source mass RF will achieve: 

0

0

ln
( )( )

ln

g

SD

gMNA

W
W RFRTF

WRTF
W

 
 
 =

 
 
 

 (First Order Decay Model) 

In summary, the reduction in RTF for the first order decay model will be a function of the RF and the ratio 

of the mass discharge rate goal to the mass discharge rate before source depletion efforts began.  Note 

that the mass discharge rate is assumed to be directly proportional to the concentration, so that the RTF 

ratio can be expressed in terms of concentration: 

 

0

g g

O

W C

W C
=

 
 

0

0

ln
( )( )

ln

g

SD

gMNA

C
C RFRTF

CRTF
C

 
 
 =

 
 
   

 
where Cg is the concentration goal (such as an MCL) and C0 is the original concentration before source 

depletion began (mass per volume). 

 
A summary of the three RTF estimation models, including key assumptions and equations, is presented 

below. 

 

Source Model Key Assumptions 
MNARTF  SDRTF  SD

MNA

RTF
RTF

 

Step Function 
 

1. The mass discharge (W) 
remains constant 
regardless of mass 
remaining in source 
(Wt=Wo) 

0

0

M
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Source Model Key Assumptions 
MNARTF  SDRTF  SD

MNA

RTF
RTF

 

Linear Decay 1. The mass discharge rate 
decreases monotonically 
over time. 

2. The slope of the mass 
discharge rate curve after 
source depletion is the 
same as the slope of the 
mass discharge rate curve 
before mass depletion. 

3. The ratio of the cleanup 
goal mass discharge rate to 
the original mass discharge 
rate is much smaller than 
the source reduction factor. 
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First Order 
Decay 

1.   The mass discharge rate 
decreases according to a 
first order decay pattern. 

2. The source mass is 
assumed to be proportional 
to the mass discharge rate 
at any time (e.g., if source 
depletion removes 50% of 
the mass, the mass 
discharge rate is reduced 
by 50%).  

3. The source decay rate 
constant is the same before 
and after source depletion 
(i.e., the remaining mass 
after source depletion 
follows the pre-source 
depletion pattern). 

0
0

0

( ) ln gW
M

W

W

  
−   

    
0

0 0)

ln
( )( )

gWM
W W RF

  
−        

 

0

0

ln
( )( )

ln

g

g

W
W RF

W
W

 
 
 

 
 
 

 

or 

0

0

ln

ln

g

g

C
C RF

C
C

 
  
 

 
  
 

 

 

 

Model Comparison - The shortest RTF will always occur when the step function model is applied.  

Similarly, the next lowest RTF value for natural attenuation is achieved if the linear model is employed 

because the decrease in the mass discharge rate is not particularly severe.  The RTF for the linear decay 

model will always be exactly twice the duration produced by the step function model.  The first-order 

decay model relies on the assumption that a concentration (or mass discharge rate) of zero is a limit 

function, so each model must specify a goal concentration.  If a conservative (low) goal is selected (such 

as one that meets MCLs for drinking water), then the remediation times must increase correspondingly.   

Using these models to consider the benefit derived from source depletion generates a slightly different 

order of preference.  The biggest improvement in the RTF over MNA is observed for the step function 

model.  This is a direct consequence of the fact that changes in the RTF for this model are proportional to 

changes in the RF.  It can be imagined as the “equal benefit for effort” scenario following the decision to 

employ some type of source depletion technology.   

 
A model comparison summary is presented below as a series of design curves in the figure.  For each 

model type, the percent reduction in RTF expected following the implementation of aggressive source 

depletion is shown.  In this case, a reduction goal of 0.001 was selected, which is equivalent to 
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decreasing the concentration leaving the source zone from 5 mg/L to 0.005 mg/L (the MCL of TCE, for 

example).  The figure illustrates the non-linear relationship between RF and the reduction in the RTF in 

the two decay-based models.  A similar set of design curves can be developed for any reduction goal.  

For stricter remedial objectives (lower ratios of Cg/Co), the first-order model will deviate further from the 

step function and linear models, and thus predict diminishing reductions in the RTF.  
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Most Representative Models - The step function model represents the simplest case with the lowest 

RTFs and the greatest degree of improvement in RTFs following source depletion.  It is similar to a 

conceptual model of DNAPL sites where substantial reductions in contaminant mass must be achieved 

before exiting concentrations begin to decrease. 

 
However, the fact that the mass discharge rate is independent of mass in this model is not a relationship 

that can be easily correlated with typical perceptions about common source zone architectures at actual 

DNAPL sites.  For a mass flux to remain constant over time, the surface area of a NAPL exposed to 

groundwater not at the effective solubility of the NAPL would need to remain relatively uniform even as 

mass was being depleted.  This scenario could occur in cases where all NAPL is present in a large pool 

such that the NAPL surface area that forms an interface with the surrounding water matrix is minimized.  

While this scenario is plausible in homogeneous and permeable aquifers with a large initial source mass, 

the mass discharge rates from these types of NAPL pools necessarily have lower initial mass discharge  
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rates because of mass transfer limitations.  A more likely conceptual model, applicable to most DNAPL 

sites, is that contaminant releases lead to extensive spreading of the DNAPL in a complex arrangement 

of thin, small DNAPL zones with relatively low DNAPL saturation.  

 
Existing empirical evidence from chlorinated solvent sites suggests that the linear or first-order decay 

models are the most relevant in describing changes in the mass discharge rate.  Laboratory-based 

studies such as those by Lamarche (1991) and Johnson and Pankow (2002) have demonstrated that flux-

rate and concentration decrease over time as source zones are depleted.  A recent data compilation that 

analyzed long-term temporal trends (i.e., minimum record of 5 years and median record of 9 years) from 

45 groundwater monitoring wells at 23 NAPL source zone sites concludes that most wells are 

characterized by decreasing concentrations over time (Newell et al., in review 2004b).  At all of these 

sites, natural attenuation is the only means for source depletion.  Both a linear regression model and a 

first order decay model were statistically-confirmed better fits for the data than a step function model.  

Using TCE as a typical DNAPL contaminant, the median first order decay coefficients (kpoint) for 13 TCE 

sites were calculated to be 0.11 per year (half-life of 6.1 years). 

 
These data represent a shift away from the generally-accepted conceptual model for expected 

contaminant concentrations over time in source zones.  When viewed collectively, significant mass 

depletion appears to occur at these sites in the absence of aggressive source depletion within a period of 

time considerably shorter than the “decades or centuries.”  While this finding argues positively for the 

attenuation of source zones within shorter timeframes, it also emphasizes that models that predict 

decreasing mass discharge rates over time (such as the linear and first order models) are more 

appropriate than the step function model for predicting these timeframes.  This is because concentration 

and the mass discharge rate are proportional in situations where the flow rate is assumed to be constant.  

 
Process knowledge provides an additional basis for choosing the decay-based models as the most 

appropriate.  The change in a DNAPL source zone over time can be described as a series of different 

attenuation processes superimposed on each other.  DNAPL fingers (i.e., thin, vertically-oriented DNAPL 

zones) will dissolve more quickly than DNAPL pools as the fingers have a higher surface area-to-volume 

ratio.  In general, DNAPL pools with a short length in the direction of flow will dissolve faster than larger 

pools with a longer length in the direction of groundwater flow.  DNAPL in zones with no or little 

groundwater flow will persist longer than zones with high groundwater flow.  Matrix diffusion, linear 

desorption, desorption from the fraction with different equilibrium kinetics, and dispersion will all contribute 

to lower mass flux versus time at DNAPL sites.  The combination of all of these processes indicates that 

some type of tailing is likely to be observed at DNAPL sites.  The first order model is likely to best 

represent this tailing. 
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Observations from DNAPL Source Remediation Sites - As part of a comprehensive evaluation of 

DNAPL source zone technology performance (McGuire et al, in review 2004), concentration versus time 

data from 59 sites were compiled (see figures below).  Four common DNAPL removal technologies were 

included in the study:  enhanced bioremediation, chemical oxidation, surfactant/cosolvent flushing, and 

thermal treatment. 
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Thermal Treatment
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The temporal records shown in the figures above represent concentration data from 144 DNAPL source 

zone wells (note that concentration is normalized to the initial concentration and time is normalized to the 

initial remedial treatment).  For all four technologies it is evident that concentrations are generally reduced 

substantially immediately following treatment.  For three of the four technologies (chemical oxidation, 

surfactant, and thermal), the data also show that the high rates of degradation achieved immediately 

following treatment are not maintained throughout the post-treatment monitoring period.   

 
It appears that a high rate of degradation is maintained at many of the enhanced bioremediation sites; 

however, this is somewhat misleading because enhanced bioremediation sites generally have longer 

treatment durations than the other technologies.  Median treatment durations for the four technologies in 

the study were approximately 450 days for enhanced bioremediation, 225 days for thermal, 200 days for 

chemical oxidation, and 50 days for surfactant flushing.  Closer examination of the enhanced 

bioremediation data at 3 to 6 years post-initial treatment indicates that lower degradation rates are also 

observed for this technology. 

 
Based on the comprehensive data set from 59 sites and 144 wells, it is shown that high rates of 

degradation observed during treatment are unlikely to be maintained following treatment.  Therefore, 

calculation of remediation time frame using degradation rates observed during the treatment period may 

result in an underestimation of the time to clean (RTF). 

 
Furthermore, the performance of these technologies in terms of reducing source concentrations was 

quantified statistically as shown below: 
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As indicated on the figure, median concentration reductions for the parent chlorinated compound for the 

four technologies are:  enhanced bioremediation, 95%; chemical oxidation, 88%; thermal treatment, 97%; 

and surfactant/cosolvent flushing 95%.  Approximately 75% of source depletion projects were able to 

achieve a 70% reduction in parent compound concentrations. 

 

Finally, none of the 59 sites studied were able to achieve MCLs for all source zone wells following 

treatment.  USEPA’s Expert Panel on DNAPL source depletion (Kavanaugh et al., 2003) concluded: 

 

 “As far as the Panel is aware, there is no documented, peer-reviewed case study of DNAPL source-
zone depletion beneath the water table where U.S. drinking water standards or MCLs have been 
achieved and sustained throughout the affected subsurface volume, regardless of the in-situ 
technology applied.” 
 
“Although an MCL goal may be consistent with prevailing state and federal laws for all groundwater 
considered a potential source of drinking water and is a goal that is easily comprehended by the public, 
this goal is not likely to be achieved within a reasonable time frame in source zones at the vast majority 
of DNAPL sites. Thus, the exclusive reliance on this goal inhibits the application of source depletion 
technologies because achieving MCLs in the source zone is beyond the capabilities of currently 
available in-situ technologies in most geologic settings.” 
 

Planned Approach - Based on this analysis, Solutia plans to continue to estimate time-to-clean values 

for various remediation alternatives using the method employed in the August 27, 2004 W.G. Krummrich 

Corrective Measures Study.   
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